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Multilayer ceramic capacitors (MLCCs) are known to be susceptible to cracking 
when subjected to excessive printed circuit board (PCB) flexure, which is called “flex 
cracking”. The bending of the printed circuit board causes stresses to be transmitted 
through the solder fillets to the surface mount capacitors. These stresses are the highest at 
the bottom of the capacitor, where the termination bands end. In order to reduce the 
amount of stress that is transmitted to the brittle ceramic body of MLCCs through end 
terminations, a flexible termination system which incorporates a silver-loaded epoxy in 
end-terminations was developed by some MLCC manufacturers. 
With the transition to lead-free materials in the electronics industry there is a concern 
that MLCCs assembled on PCBs with lead-free solder have different susceptibility to flex 
cracking than those assembled with eutectic tin-lead solder. In this study, the flex 
cracking of MLCCs assembled with lead-free solder (Sn3.0Ag0.5Cu) was compared with 
those assembled with eutectic tin-lead (Sn37Pb) solder and differences in the results were 
explained in terms of solder mechanical properties and solder solidification temperature. 
Tin-silver-copper lead-free solders and eutectic tin-lead solder have different mechanical 
properties, which affect the stresses that are transmitted to the ceramic body of the 
capacitor through the solder fillet. The higher solidification temperature for lead-free 
solder leads to increased residual compressive stresses after the reflow cool-down process 
for MLCCs assembled with lead-free solder compared with those assembled with tin-lead 
solder. In this work, the effects of dielectric material, capacitor size, solder assembly 
process, solder material, and end-termination type on flex cracking of MLCCs were 
determined for MLCCs from different manufacturers.  
Since some flexible- and standard-termination MLCCs are made with precious metal 
electrodes (silver-palladium), there is a possibility of electrochemical silver migration 
under bias and humidity. In this study, the effects of temperature-humidity-bias on 
electrical parameters of flexible-termination MLCCs were characterized and compared 
with standard-termination MLCCs. In addition, the effect of temperature-humidity-bias 
on electrical parameters of MLCCs with base metal electrodes was compared to that for 
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1 Introduction to multilayer ceramic capacitors (MLCCs) and their 
failures 
Capacitors are an indispensable component in electronic circuits. The worldwide 
market in 2004 for tantalum, aluminum, and ceramic capacitors was almost 9 billion 
dollars per year [1]. Revenues of ceramic capacitor manufacturers reached 5.5 billion 
dollars in 2004 [2], with a sales growth of 25% per year [3]. However, based on 
CALCE’s analysis of over 150 electronic product failures over a four year period, 
capacitors are responsible for a larger proportion of failures than any other component or 
failure site. 
MLCCs consist of formulated ceramic dielectric materials which have been fabricated 
into thin layers, interspersed with metal electrodes which are alternately exposed on 
opposite edges of the laminated structure (Figure 1). The entire structure is fired at high 
temperatures, typically around 1000°C, to produce a block which provides the desired 
capacitance values in a small physical volume. After firing, conductive terminations, 
typically made of copper or silver, are applied to opposite ends of the chip to make 
contact with the exposed electrodes. The end terminations are usually overplated with a 




Figure 1. Structure of a standard-termination multilayer ceramic capacitor [4]. 
 
CALCE Test Services and Failure Analysis reviewed the last 400 services performed 
for industrial customers. These services included review of electrical and mechanical 
design, material characterization, supplier benchmarking, accelerated testing, and root 
cause failure analysis. Of these 400 services, 40% (159) were identified as analyses of 
failure during qualification at a customer site. These failures are representative of over 70 
companies. They are grouped based on failure site and shown in Figure 2. As it is shown 
in Figure 2, capacitors’ failures are the dominant field failures in electronic products and 












Figure 2. Grouping of field failures of electronic assemblies by failure site. 
 
The overwhelming percentages of MLCCs fail due to the introduction of intrinsic and 
extrinsic defects. Intrinsic defects are defects introduced as a result of the raw materials 
or the manufacturing process. The intrinsic defects of MLCCs include firing cracks, 
knitline cracks (delamination), and voids. The extrinsic defects are defects which occur 
during assembly or in application field. The extrinsic defects of MLCCs include flex 
cracks, thermal shock cracks, placement, and handling cracks.  
A breakdown of about 40 different MLCC mechanical failures that were analyzed 
over several years by the CALCE Test Services and Failure Analysis is shown in Figure 
3. The largest root causes of failures in MLCCs are defects introduced during capacitor 
manufacturing processes, including voids and cracks. The second most common cause of 
failure of MLCCs is cracking due to excessive board flexure, or “flex cracking,” and 
includes about one quarter of failures. Cracking of MLCCs due to thermal shock in the 





Figure 3. Breakdown of defects in MLCCs. 
 
1.1 Flex cracking failure of multilayer ceramic capacitors 
Bending of a printed circuit board (PCB), as shown in Figure 4, will cause forces to 
be transmitted through the solder fillets to the surface mounted capacitor. When the 
capacitor is on the convex side of the PCB, these forces are concentrated at the bottom of 
the capacitor where the termination bands end. Some of the forces are absorbed by the 
solder and cause elastic and plastic deformation, while the remainders are transmitted to 
the capacitor. If the stress applied to the capacitor body exceeds its breaking strength, the 
capacitor will crack. 
The ceramic dielectric material is brittle. The forces pulling at the ceramic along the 
termination edge will lead to a crack if they are of sufficient magnitude. The force at 
which the capacitor cracks is dependent upon the ceramic material, the solder material 





Figure 4. Flex cracking of MLCCs due to printed circuit board bending. 
 
Figure 5 shows a flex crack at one of the MLCC end-terminations. The crack 
typically starts near the edge of the termination margin, and then extends toward the 
termination face. Our measurements of the crack angle, as represented in Figure 5, 
indicate that its value varies between 30 and 70 degrees. The crack may extend into the 
termination face, thereby separating a corner section. It may also turn toward the top of 
the capacitor, where it will usually turn out towards the top termination margin’s edge. In 
some cases, this crack can cause the entire end of the capacitor to be separated from the 
main body of the capacitor. In some cases cracks are visually undetectable at the exterior 





Figure 5. Flex cracking failure of a multilayer ceramic capacitor. 
 
Flex cracking can occur during assembly processes and handling, as a result of 
excessive flexure of printed circuit boards. Examples of processes causing board flexure 
include PCB warping during solder reflow, depaneling, handling during processing, 
testing, assembly, insertion or removal of a board from edge-mount connectors, 
attachment of a board to other structures (e.g., support plates, heat sinks, and chassis), 
connection of cables, thermal expansion of a board with respect to a cabinet or chassis, 









Solder pad on PCB 
 
 7
1.2 Ceramic dielectric types (EIA classifications) 
Ceramics used for capacitor dielectrics are mixtures of compounds, almost always 
including titanium oxides such as barium titanate (BaTiO3) and titanium dioxide (TiO2) 
combined with other materials. The electronic industry association (EIA) has designed a 
classification scheme for MLCCs based on their temperature characteristics [6]. Within 
this scheme, there are four major classes of ceramic dielectrics, with class I being the 
least variable with temperature and voltage, and class IV being the most variable.  
 
1.2.1 Class I 
Class I dielectrics are typically used in applications requiring the tightest tolerance. 
Components of this type are temperature compensating ceramic dielectrics, fixed 
capacitors of a type suited for resonant circuit applications or other applications where 
high quality factor (Q) and stability of capacitance characteristics are required [6] .  
Stable temperature-compensating capacitor types (EIA class I) are made with little or no 
BaTiO3, but are basically TiO2 or CaTiO3 with additive materials, some of which are 
magnesium titanate (MgTiO3), strontium titanate (SrTiO3), neodymium titanium oxide  
(Nd2Ti2O7), magnesia (MgO2), alumina (Al2O3), bismuth stannate (Bi2Sn3O9), or 
manganese titanate (MnTiO3). Additive proportions are designed to produce the desired 
temperature coefficients when mixed and fired in accordance with the manufacturer’s 
proprietary processes [7]. The most popular temperature characteristics for class I are the 
ultra-stable C0G (also known as NP0, military version BP). As Table 1 shows, the 
temperature range for this dielectric is -55°C to 125°C and capacitance change over this 




1.2.2 Class II 
Components of this classification are fixed, ceramic dielectric capacitors of a type 
suited for bypass and decoupling application or for frequency discriminating circuits 
where quality factor and stability of capacitance characteristics are not of major 
importance. Class II ceramic dielectrics exhibit a predictable change with time and 
voltage.  EIA class II general-purpose less-stable capacitors use BaTiO3 as a base because 
of its high dielectric constant, adding stabilizing materials, which can be the same as 
listed for temperature stable (class I) materials, including TiO2 and CaTiO3, plus calcium 
zirconate (CaZrO3), niobium pentoxide (Nb2O5), and others [7]. The most popular 
temperature characteristics for class II are the stable X7R (military BX or BR). As Table 
1 shows, the temperature range for this dielectric is -55°C to 125°C and capacitance 
change over this temperature range is ± 15%. 
For X7R dielectrics the barium titanate content is about 90 to 98%  [8] [9], while for 
C0G dielectric the barium titanate content varies from 10 to 50%, supplemented by other 
titanates, especially neodymium titanium oxide (Nd2Ti2O7) [8]. Capacitors with X7R 
dielectric are more susceptible to flex cracking than C0G dielectric, which has higher 
fracture toughness [10] [11]. 
 
1.2.3 Class III 
Components of this type are specifically suited for use in electronic circuits for 
bypass, decoupling or other applications in which dielectric losses, high insulation 
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resistance and capacitance stability are not of major consideration. This classification is 
identical to that of class II, except that it is restricted to those capacitors having different 
temperature characteristics [6].  These capacitors are also primarily composed of barium 
titanate but mixed with difference additives, such as calcium zirconate CaZrO3 and 
barium zirconate BaZrO3 [7]. The most popular temperature characteristics for class III 
are the general purpose Z5U and Y5V. Table 1 shows the temperature range for Z5U and 
Y5V dielectrics and capacitance change over their temperature range. 
 
1.2.4 Class IV 
This classification is restricted to those components utilizing reduced titanate or 






Table 1. EIA classification of ceramic dielectric materials based on their temperature 
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1.3 Electrode types (base metal electrodes vs. precious metal electrodes) 
There are two kinds of multilayer ceramic capacitors based on electrode materials, 
precious metal electrode (PME) capacitors, and base metal electrode (BME) capacitors. 
PME capacitors are divided into two technologies, high-fire and low-fire capacitors. 
 
1.3.1 High-fire capacitors 
The high-fire capacitors use ceramic dielectrics normally composed of refractory 
oxides, which sinter together to make dense bodies only at high temperatures 
(approximate 1300°C or greater). Because of the chemical stability of the oxides, the 
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dielectric compositions are compatible with co-fired palladium electrodes. Silver may be 
added in small quantities (up to 30%), as long as the melting point of the alloy is well 
above the ceramic sintering temperature. Silver-palladium alloys exhibit a maximum in 
their electrical resistivity of about four times that of pure palladium in the vicinity of 30% 
Ag addition. So there is often a trade-off among capacitor equivalent series resistance, 
electrode thickness, and silver content. High-fire technology is commonly used by 
Japanese MLCC manufacturers [12]. 
 
1.3.2 Low-fire capacitors 
In low-fire capacitors several low-melting oxides are added to barium titanate to 
jointly modify the temperature coefficient of the dielectric constant and lower the firing 
temperature of the dielectric. Binary oxides containing bismuth became popular 
modifiers in 1950’s, but because bismuth reacts with palladium, only low palladium-
content electrodes maybe combined with these dielectrics.  To avoid the reaction between 
bismuth and palladium, palladium-gold (sometimes with platinum added to raise the 
melting point of the alloy) was used. Further refinements of the technology led to the 
substitution of the gold with silver. In the last decade, silver alloys with 15 to 35% 





1.3.3 Co-fire capacitors 
Base metal electrode (BME) systems are similar to high-fire systems in that they 
normally use only very stable oxides in the dielectric composition. The use of nickel 
electrodes requires that the firing process be carried out in an inert or reducing 
atmosphere to avoid oxidizing the base metal electrode. It is possible to partially reduce 
barium titanate, creating oxygen vacancies. These vacancies will migrate under the 
influence of electric fields, causing degradation of the dielectric. The processing of BME 
capacitors requires a balancing between reducing the dielectric and oxidizing the 
electrode. If the nickel is oxidized it will in turn react with and degrade adjacent dielectric 
material. BME capacitors have been in manufacture for over 20 years [12]. 
 
1.4 End-termination types (standard termination vs. flexible termination) 
There are two end-termination types for multilayer ceramic capacitors: standard 
termination and flexible terminations. In standard-terminations MLCCs end-termination 
is made of three metal layers. For base metal electrodes (BME) MLCCs end-terminations 
are made of copper and usually plated with nickel and tin layers. For precious metal 
electrodes (PME) MLCCs end-terminations are made of silver and usually plated with 
nickel and tin layers. 
In order to reduce the amount of stress that is transmitted to the brittle ceramic body 
of MLCCs through end terminations, a flexible polymer termination system was 
developed by some manufacturers, including AVX and Syfer, for MLCCs [15]-[19]. 
AVX produces MLCCs with flexible terminations comprised of a conductive polymer, 
used in conjunction with base metal electrode (BME) technology and an X7R dielectric. 
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The conductive polymer coats a copper termination, and is then plated with nickel and 
tin. Syfer produces MLCCs with flexible terminations and precious metal electrodes 
(PME). Syfer’s FlexiCap™ capacitors use silver loaded polymer in end terminations 
plated with nickel and tin (Figure 6). 
The flexible-termination MLCCs from Syfer are made of precious metal electrodes 
(silver-palladium) and contain silver-filled polymer in their end terminations. This 
construction presents a potential risk of silver migration under bias and humidity.  
However, the sensitivity of these new MLCCs to environmental stresses and DC bias is 






Figure 6. Flexible-termination multilayer ceramic capacitor from Syfer, containing silver 









1.5 Open-mode multilayer ceramic capacitors 
Kemet introduced an "open-mode" ceramic capacitor. Open-mode capacitors were 
designed to greatly reduce the likelihood of a low insulation resistance or short circuit 
condition in a flex cracking situation. When flexed to failure, an open-mode capacitor 
may experience a drop in capacitance but a short is unlikely because the crack typically 
will not cross opposing electrodes.  
Figure 7 is a schematic diagram of an open-mode capacitor. The open-mode length is 
greater than the termination bandwidth length on both sides of these capacitors, within 
which only one set of electrodes exist. Therefore, flex cracks, which start from an end 
termination at a cute angle only cross electrodes originating from the same termination 
and don’t cause shorting between opposing electrodes. Since there is no current leakage 
associated with a typical open-mode flex cracking there is no localized heating and, 
therefore, no chance for a catastrophic and potentially costly failure event [20]. 
 
Figure 7. The open-mode ceramic capacitor: The open-mode dimension (OM) 
exceeds the termination bandwidth dimensions (BW). 






1.6 Manufacturing process of MLCCs 
There are two basic process techniques for manufacturing of multilayer ceramic 
capacitors used in the in the industry: first, dry sheet fabrication technique and second, 
wet build-up fabrication technique. Dry sheet fabrication is more common than wet 
build-up. Process flow for dry sheet and wet build-up manufacturing of MLCCs are given 





































Figure 8. Process flows for manufacturing of MLCCs: dry sheet vs. wet build-up [13] 
[14]. 
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Figure 9. Manufacturing process of MLCCs (dry sheet process). 
 
1.7 Manufacturing defects in MLCCs 
Failures due to manufacturing defects make up about one third of multilayer ceramic 
capacitor failures (See Figure 3). Manufacturing defects of MLCCs include firing cracks, 
knitline cracks, and voids. If a defective capacitor is used in a field application, a 
conductive medium, often atmospheric moisture, can penetrate into defect of the 
capacitor and cause leakage current of the capacitor to increase. This may also lead to the 
shorting of the opposing electrodes of the capacitor due to electrochemical silver 
migration through an existing path between internal electrodes in the presence of a DC 
bias. The characteristics of different manufacturing defects including firing cracks, 
knitline cracks, and voids are discussed in the following. 
 
Dielectric sheet Internal electrodes printing Stacking 
Material 
preparation 




1.7.1 Firing cracks 
Firing cracks are caused by rapid cooling during the manufacturing of the capacitor. 
Ceramic capacitors are fired at high temperatures, typically around 1000°C, to produce a 
block. Rapid cooling after firing process can cause a crack inside the capacitor body due 
to thermal shock, called firing crack. They often originate at an electrode edge, but not 
always and propagate perpendicular to the electrodes. 
 
1.7.2 Knitline cracks 
Non-optimized pressing or sintering causes insufficient binding strength between 
internal electrodes and dielectric materials and trapping of air or foreign material into the 
capacitor lead to delamination between internal electrodes or Knitline cracks. Knitline 
cracks or delaminations extend parallel to the electrodes. 
 
1.7.3 Voids 
Voids are caused by existence of organic and inorganic contaminations in the ceramic 
dielectric and non-optimized burnout process. Bridging two or more electrodes they can 
become a short leakage current path and a latent electrical defect. Large voids can also 
lead to a measurable reduction in capacitance.  
 
1.8 Example of a manufacturing process introduced defects in MLCCs 
In the stacking step of the manufacturing process of MLCCs, decided number of 
layers is stacked after printing. In order to make a monolithic block of dielectric sheet and 
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internal electrodes, mold is pressed down from top, as shown in Figure 10. A film is used 
to press on the dielectric. A thick paper is used as a cushion to absorb the shock upon 
stacking. If the thick paper is misaligned, as it is shown in Figure 11, when the film 
moves after stacking, the film and the thick paper will rub against each other, thereby 
causing a small particle of the paper to fall, and stick onto the surface of the dielectric 
sheet. Then, after the firing process, the substance disappears, thereby leaving void inside 
dielectric. Therefore moisture and contaminants can ingress in the space between internal 
electrodes through this path, and in the presence of DC voltage silver electrodes can 
migrate through this path and cause reduction in insulation resistance of capacitor 
(increase in leakage current), which eventually causes the capacitor to fail. 
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of thick paper 











Figure 10. Pressing of dielectric sheet in manufacturing process of multilayer ceramic 








Figure 11. Misalignment of thick paper and rubbing between the film and paper when 
moving the film can cause paper particles (fibers) to contaminate dielectric sheet. 
 
1.9 Electrochemical silver migration failure in MLCCs 
MLCCs made of precious electrodes (Ag-Pd) are prone to electrochemical migration 
failure. Silver migration failure of multilayer ceramic capacitors is divided into three 
steps. Step one is the formation of a microscopic path between internal electrodes. This 
path can be a crack or void which occurs during manufacturing, assembly, or in the 
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application field during life of the ceramic capacitors. Step two involves penetration or 
existence of moisture and contaminants, such as ions, into the path. The final step is the 
silver migration of the electrode materials along the path by an electrochemical process. 
As a consequence of this, the leakage current of the ceramic capacitor increases and 
causes the capacitor to fail. It has been hypothesized that at high voltages this path would 
be vaporized by high current passing through it, for this reason this failure is called “low-
voltage” failure of multilayer ceramic capacitors [21] [22]. 
Zhan, et al. [23] showed the reduction of surface insulation resistance or increase in 
leakage current in printed circuit boards caused by electrochemical migration (ECM), 
which is the growth of conductive metal filaments (dendrites) through an electrolyte 
solution by applying a D.C. voltage bias [24]. They also expressed that intermittent 
failures are experienced when a dendrite grows, causes an electrical short, and then burns 
out due to high current densities. They explained that electrochemical migration occurs 
by a sequence of events including, path formation, electrodissolution, ion transport, 
electrodiposition, and filament growth. 
 
1.10 Literature Survey 
In this section previous works on flex cracking issues of multilayer ceramic 
capacitors and effects of temperature-humidity-bias on multilayer ceramic capacitors are 
reviewed. Finally, previous works on failure analysis techniques used for detection of 




1.10.1 Flex cracking failure of MLCCs 
Prymak and Berganthal [5] conducted flex tests on different size multilayer ceramic 
capacitors. They used a 3-point bend configuration with one capacitor mounted in the 
middle of each board. In-situ measurement of capacitance was used as means of detecting 
the occurrence of flex cracking. They showed that for some capacitors, a capacitance 
drop observed during testing recovered after removal of flexure. This suggested that in-
situ monitoring of capacitance during bend testing was necessary. Their results also 
showed that the larger the capacitor, the more susceptible was to flex cracking. Their 
experiments were repeated for capacitors from production batches spanning a 25-week 
period. Their results remained consistent, which led them to believe that the materials and 
manufacturing processes were consistent. 
Berganthal [25] assessed the dependence of several different parameters to flex 
cracking of ceramic capacitors. Solder fillet size was found to impact bending strength, 
with larger fillets causing a reduction in strength. Pad size had a similar effect, with 
narrower pads increasing the bending strength. This is in agreement with Kemet, which 
recommends that wave solder pads be narrower than reflow solder pads. Chip length was 
also found to affect bending strength, with larger chip capacitors being more susceptible 
to flex cracking. Dielectric materials were found to impact bending strength based on 
their fracture toughness; the C0G dielectric is superior to the X7R dielectric, and X7R is 
better than Z5U and Y5V dielectrics. The printed circuit board thickness also impacts 
bending strength. Thicker PCBs are more rigid and transmit more stress to a capacitor at 
a given deflection. Therefore, thicker PCBs result in flex cracking at lower deflections 
than thinner boards of the same materials. The PCB material affects the bending strength 
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primarily through the Young’s modulus. Some data indicates that higher capacitor 
thicknesses increase bending strength, but there appears to be some confusion about this 
parameter. Some capacitors have thicker cover layers around the active layers. These 
parts may have higher bending strength than those with thinner cover layers. These 
results may also arise if a capacitor has cracked prior to an observable drop in its 
capacitance. Finally, capacitors with wider termination bands typically have greater 
bending strength. The wider band has the same effect as reducing the capacitor length. 
Prymak [26] investigated reverse flex testing of multilayer ceramic capacitors. In a 
typical flex test, the capacitor is on the convex side of the PCB, but in a reverse flex test 
the capacitor is on the concave side of the board. In each instance the capacitor failed 
during the withdrawal of the ram and relaxation of flexure. During flexure, the solder 
fillets deform to relieve the stress applied to them. When the board flexure is rapidly 
reduced, the deformed fillets cause tensile stresses to be applied to the capacitor, and 
failure occurs with a similar characteristic crack to that observed with normal flex testing. 
The author mentioned that it is unlikely that reverse flex testing provides additional chip-
related information beyond that obtained with normal flex testing. 
Prymak [27] baked capacitors in a humidity chamber after flex testing to detect 
“hidden” cracks as low insulation resistance (IR). He showed that, of the capacitors 
specified as “cracked” by a sudden capacitance change during flex testing, 80% were 
found to be IR rejects when exposed to humidity. The reduction in IR is due to 
penetration of moisture into the existing cracks, possibly accompanied by capillary 
condensation.  Destructive physical analysis (DPA) revealed internal cracking in the 
remaining 20%.  
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Al-Saffar, et al. [28] investigated the flexure strength, or modulus of rupture (MOR), 
of multilayer ceramic capacitors using three point bend tests. Their samples included 
blanks (dielectric material without electrodes) and MLCCs with X7R and Z5U (an EIA 
class III dielectric [6]) dielectrics containing different numbers of electrodes and ink 
laydown concentrations (electrode material, which is screened onto the dried ceramic 
dielectric during manufacturing of multilayer ceramic capacitors). It was found that for 
blanks, MOR decreased as the specimen thickness increased, and the X7R dielectric had 
higher flexure strength than the Z5U dielectric. For X7R capacitors, the MOR increased 
with the number of electrodes, while for Z5U capacitors, the MOR was independent of 
the number of electrodes and all values were less than values obtained for X7R 
capacitors. The difference between the two sets of data was believed to be predominantly 
due to the effect of the metal electrodes. In the Z5U capacitors, noble metals, such as 
palladium, are used. For X7R capacitors, cheaper alloys typically based on silver-
palladium with a high silver content (67% Ag, 33% Pd by weight) are used. The modulus 
of elasticity (E) for the Pd electrode is about 110 GPa, and that for the Ag-Pd electrode is 
about 84 GPa. The modulus of elasticity for the ceramic matrix is of the order of 100 GPa 
in each case. The authors’ interpretation was that since Emetal < Eceramic in the case of the 
X7R capacitors, the electrodes should be more plastic and thus provide increasing 
support as the number of electrodes increases. In contrast, for the Z5U components Emetal 
> Eceramic and so the metal does not provide any ‘plastic support’. Thus, with an 
increasing number of electrodes, there is no increase in flexure strength. Electron 
microscopy showed major differences in the mode of fracture of Z5U and X7R MLCCs. 
In their study, for as-fired X7R capacitors without terminations the MOR increased with 
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the ink laydown concentration to a plateau level (~140 MPa), but in capacitors which had 
been terminated and annealed, the flexure strength was uniformly higher than capacitors 
without terminations and independent of ink laydown concentration.  
Maxwell [29] compared flexure strength of similarly sized multilayer ceramic and 
film capacitors. Ceramic capacitors are brittle and crack due to excessive PCB bending. 
Multilayer film capacitors are made with polymer films, are not brittle under normal 
conditions, and are more flexible when stressed on a bending PCB. He concluded that 
surface mount film capacitors did not exhibit failure or degradation when tested at or 
beyond deflection values that cracked ceramic capacitors of similar size and capacitance 
value.  
Syfer Technology Limited [30], a manufacturer of ceramic capacitors, reported that 
when capacitors are broken, the problem usually manifests itself at a very late stage of 
board assembly. Syfer’s observation is likely due to the fact that capacitance drops 
resulting from flexure are frequently not detectable after removal of the bending stress.  
Another factor that can lead to this phenomenon is the growth of the small cracks 
introduced by flexure as the board is exposed to additional thermal and mechanical 
stresses during assembly. An immediate change in any key capacitor parameter is rare. A 
decline in the insulation resistance of a cracked capacitor requires penetration of a 
conductive medium, often atmospheric moisture, into the crack structure and this takes 
time. Hence detection usually occurs late, such as in the field. Typically 60% of damaged 
parts due to flex cracking do exhibit a detectable change in insulation resistance but only 
a small minority of these parts is pre-identified as potential failures by a user. Cracks are 
visible at the exterior of less than 2% of affected parts, and immediate detection of 
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change of the capacitance is a feature of about 10% of cracked capacitors. They 
conducted experiments to study the effects of different parameters on flex cracking of 
ceramic capacitors. Their results showed that the only significant difference in strength, 
across a broad matrix of capacitor design and build parameters, lies between barium 
titanate based capacitors (the material used in X7R and Y5V dielectrics) and neodymium 
titanium oxide based capacitors (the basis for their C0G dielectric). The C0G dielectrics 
failed at deflections which were twice those of the X7R and Y5V dielectrics. Most 
ceramic formulations within a given dielectric category were found to have similar bend 
strengths. Their results indicated that small capacitors are not stronger than large 
capacitors and thin capacitors are not weaker than thick capacitors. It was shown that 
large solder joints do have a negative effect on bend strength. A minor difference was 
observed for flexure strength of parts soldered with Sn36Pb2Ag versus Sn40Pb alloys; 
however, the performance of a 'soft' solder, In50Pb, was much better. Average deflection 
at failure was more than double for this soft solder. They also studied the effects of solder 
pad geometry on flex performance. Pad widths narrower than the chip width were found 
to increase bend strength. 
Nies and Maxwell [31] studied factors in board flexure testing of surface mount 
ceramic capacitors. They studied the effects of PCB material, board thickness, and solder 
material on flexure strength of ceramic capacitors. They used boards with different 
constructions (6, 7, and 8 ply) and different elastic moduli. They concluded that 
multilayer ceramic capacitors withstand large deflections when the board is thin and 
compliant, since less stress is transferred to the capacitor. On the other hand, only a 
relatively small load is needed to deflect thin boards, so flexible boards are not 
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appropriate for boards experiencing high loads. In contrast, thicker, less flexible boards 
may cause fewer failures for a given load, but would cause more failures at a given 
deflection. Therefore, information on either load or deflection alone is not sufficient to 
generalize results obtained using a specific board in order to establish the allowable range 
of conditions to minimize the risk of cracking. The authors also studied the effect of 
solder material on flex strength of ceramic capacitors. Four solder compositions: Sn37Pb, 
Sn40Pb, Sn36Pb2Ag, and Sn4Ag were used in their experiments. They used both high-
fire (> 1300°C) capacitors with palladium electrodes and low-fire (< 1200°C) capacitors 
with silver-palladium electrodes. Even though silver-doped solders showed somewhat 
better performance, their standard deviations were large enough to make the statistical 
significance of this difference questionable.   
Long, et al. [32] conducted experiments with both eutectic tin-lead (Sn37Pb) and 
lead-free solders (Sn3.0Ag0.5Cu) to compare effects of solder material on flex cracking 
of multilayer ceramic capacitors with X7R dielectric manufactured by Kemet. Their 
results were mixed, because in some case sizes lead-free solder performed better and for 
others the eutectic tin-lead solder performed better. Their results for 1812 size capacitors 
with X7R dielectric showed that lead-free solder gave better flex performance. For 0603 
capacitors with X7R dielectric, lead-free and tin-lead solders produced very similar 
results. For 0805 size capacitors, although the capacitors assembled with lead-free solder 
performed better, the difference between the two solders at 100 ppm failure rate was less 
than 0.3 mm of deflection. For 1206 size capacitors, the tin-lead soldered parts performed 
better at low deflections, whereas above 2.6 mm of deflection the lead-free soldered parts 
performed better. Based on their investigation of the solder joints, they found that tin-lead 
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solder had better wetting over the whole pad area, while lead-free solder wetting was 
limited to part of the solder pad. The reduced wetting with the lead-free solders reduces 
the effective pad width. The authors hypothesized that this affects the flex performance of 
ceramic capacitors. 
Blattau, et al. [33]-[36] used elastic-plastic finite element analysis (FEA) to study the 
effects lead-free solders on flex cracking of MLCC. In these studies, the displacement of 
the PCB was related to the tensile stress in the capacitor using an FEA model. Their 
results indicated that changing to lead-free solders could lead to an increased risk of flex 
cracking failures of MLCCs. 
Franken, et al. [37] used finite element analysis to study the effects of wave soldering 
and bending loads on failure probability of MLCCs. They showed that, after soldering 
process, the bottom cover layer (PCB side) of an MLCC is under compression and the top 
cover layer is in tension (The cover layer is the layer of ceramic that surrounds the 
electrode and dielectric stack.). The tensile stress direction was parallel to the electrodes 
and attained the maximum value the termination edge. In addition, they showed that 
bending of the PCB generates tensile stresses in the bottom cover layer and compressive 
stresses in the top cover layer. The stresses due to PCB bending are offset by stresses due 
to the soldering process.  
 
1.10.2 Effects of temperature-humidity-bias on MLCCs 
Cracks and other flaws not only can be sources of mechanical failure, but also can 
lead to electrical degradation of multilayer ceramic capacitors. Sato, et al. [21] described 
a three-step mechanism for low-voltage failure of multilayer ceramic capacitors. Step one 
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is the formation of a microscopic path between internal electrodes. This path can be a 
crack or void which occurs during manufacturing or in the application field during life of 
the ceramic capacitors. Step two involves penetration or existence of moisture and 
contaminants, such as chlorine ions, into the path. The final step is the migration of the 
electrode materials, such as silver, along the path by an electrochemical process. As a 
consequence of this, the leakage current of the ceramic capacitor increases and causes the 
capacitor to fail. It has been hypothesized that at high voltages this path would be 
vaporized by high current passing through it. When the voltage is lowered, the 
electrochemical process takes place again [22]. 
Freiman and Gonzalez [38] demonstrated that the existence of a crack connecting two 
inner electrodes in a multilayer ceramic capacitor is a necessary but not a sufficient 
condition for producing high leakage currents. They showed that a conducting medium, 
such as a salt solution must exist in the crack to cause an electrical short failure in the 
ceramic capacitor. 
Ling and Jackson [39] correlated the normal voltage failures in MLCCs to silver 
migration using the temperature-humidity-bias (THB) test. THB failures increased after 
some of the MLC lots had undergone a barrel plating operation, indicating moisture 
penetration and ionic contaminants as the likely cause of accelerating the failure rate. In 
cross sections of failed MLC, they observed large holes and internal cracks connecting 
electrodes of opposite polarity, with silver inclusions along the length of the cracks. 
These observations suggested that silver migration was the cause of electrically short-
circuit paths. This conclusion was supported by model experiments in which silver from 
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exposed electrodes migrated large distances (700 µm) under THB conditions (85°C/85% 
relative humidity, and two-times rated voltage). 
Munikoti and Dhar [40] presented a method of screening out potential low-voltage 
failures in manufactured lots of multilayer ceramic capacitors. This is performed in few 
hours (about 6 hours) without affecting good devices. MLCCs are frequently used in low 
dc voltage applications, where voltages are less than a tenth of their rated voltage. Under 
these conditions, failures in the form of sudden increase in the leakage current id 
observed. It is generally accepted that these failures are tied to extrinsic defects in 
capacitor dielectric such as voids, cracks, and porosity. These failures are seen even in 
lots that have successfully passed the standard life test of 2000 hours duration.  
The best known and accepted screening method for low-voltage failures is the 
temperature-humidity-bias (THB) test carried out under 85°C, 85% relative humidity 
(RH), 1.5 Vdc for a minimum period of 168 hours. This test is conducted in addition to 
the 1000-4000 hours of life test under 125°C and twice the rated voltage stress, to assess 
the lot mean time to failure (MTTF). These long tests are unsuitable for lot-to-lot 
reliability evaluation [40].  
The technique, described by Munikoti and Dhar [40] [41], eliminates all the potential 
failures in capacitor lots, using a highly accelerated life test (HALT). In this technique, 
the 50-V rated capacitors are subjected to accelerated test at 140°C and 400 Vdc, instead 
of standard 125°C and 100 Vdc accepted in industry. This screen is based on the concept 
that low-voltage failures are caused by extrinsic defects in MLCCs and these defects can 
be eliminated in a very short time using high voltage and temperature acceleration. This 
HALT test is demonstrated to have the capability of eliminating the 85°C, 85% RH test. 
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Rawal and Chan [42] showed that two types of failure, called the avalanche 
breakdown (ABD) and thermal runaway (TRA), have been observed in various 
dielectrics under high temperature and high voltage stresses. The avalanche breakdown is 
an abrupt burst of current which results in an immediate breakdown. The thermal 
runaway is a much more gradual increase of leakage current which leads to self-heating 
and its subsequent failure. High voltages normally favor the avalanche breakdown type of 
failure, and high temperatures normally favor the thermal runaway type of failure. The 
two types of failure modes may coexist depending on the test conditions and the type of 
the ceramic studied. In general, imperfections in ceramics may be classified into (i) 
intrinsic which include electronic disorders, dislocations, grain boundaries, etc., and (ii) 
extrinsic such as porosity, delamination, cracks, etc. From various experiments in these 
two groups, it was shown that avalanche breakdown type failure is attributed to extrinsic 
flaws and thermal runaway type failure is caused by intrinsic characteristics of the 
ceramic. 
Chen, et al. [42] investigated water-induced electrical degradation of barium titanate 
ceramics. They showed that water has quite different effects on barium titanate ceramics 
in the presence and in the absence of bias. Barium titanate without bias is very stable 
against water. When electricity is present, electrolysis of water occurs and the resistance 
of barium titanate is decreased by orders of magnitude, and the dielectric loss is 
increased. It is proposed that barium titanate is reduced by atomic hydrogen generated by 
electrolysis of water at ambient temperature, and electrons are formed in barium titanate 
ceramics, which results in electrical resistance degradation and dielectric loss. 
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Donahoe, et al. [45]-[46] demonstrated a new time dependent degradation phenomena 
in barium titanate MLCCs with base metal electrodes in humid environment without DC 
bias and showed that precious metal electrode capacitors are not susceptible to this type 
of degradation. MLCCs were exposed to around 2600 hours of autoclave conditions 
(121ºC, 100% RH, 205 KPa pressure) with periodic capacitance monitoring. After 
autoclave exposure, MLCCs were baked at 125ºC to determine if the MLCCs could be 
de-aged. It was shown that the degradation is not reversible, while known aging of 
MLCCs is a reversible phenomenon. 
 
1.10.3 Techniques for detection of defects in MLCCs 
Defects in multilayer ceramic capacitors are not always detectable by electrical or 
functional testing. These defects can occur during manufacturing of MLCCs, assembly, 
handling, testing, and etc. This behavior would be indicative of a “walking-wounded” in 
field applications, because a crack or defect exists. If a defected capacitor is used in a 
field application a conductive medium, often atmospheric moisture and ionic 
contaminants, can penetrate through the crack or defect into the capacitor and cause 
leakage current of the capacitor to increase. This may also lead to the shorting of the 
opposing electrodes of the capacitor, ultimately causing catastrophic failure in 
applications such as those involving high power, in which the short circuit may initiate a 
fire. There is a need for a technique, especially a non-destructive technique, for screening 
of multilayer ceramic capacitors. In this section, previous works on different techniques 
used for detection of defects in MLCCs are reviewed. 
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Condra, et al. [47] implemented scanning laser acoustic microscopy (SLAM) as 
screening for incoming multilayer ceramic capacitors. They observed that the failures 
observed in environmental testing were correlated well with earlier scanning laser 
acoustic microscopy testing on capacitors prior to assembly. 
Weiler [48] presented analysis of multilayer chip capacitor cross sectioning, testing in 
less than 5 kppm internal H2O environment and 85°C/85% humidity with known good 
and known bad capacitors, methanol test, delamination and crack formation, tunneling 
voids, metal migration under DC bias and moisture, scanning laser acoustic microscopy 
(SLAM) test, thermal stress of solder fillets on end terminations of ceramic capacitors 
using ANSYS, and DC bias voltage effect on metal migration shorts. 
Chittick et al. [49] [50] implemented a screening technique for chip capacitors known 
as the “methanol test” that can detect the structural defects that are likely to give rise to 
low voltage failure. The technique is rapid and nondestructive, and is particularly suited 
to on-line production testing of chips as well as being suitable for goods inward 
inspection by the customer.  
Methanol is an electrically conductive liquid. Capillary action and low viscosity allow 
methanol to wick inside cracks which are exposed to an external surface. Methanol 
penetrates between adjacent electrodes, thereby establishing a conductive film that causes 
a measurable increase in leakage current. Methanol testing can not be applied for cracks 
that do not emerge at an outside surface of the capacitor body. Special care is necessary 
to apply this technique to MLCCs mounted on printed circuit boards, in order to avoid 
creation of an electrical leakage path underneath the capacitor which could be interpreted 
as a crack. 
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Erdahl and Ume [51] developed a laser ultrasonic and interferometric measurement 
system in identifying flex cracks in MLCCs. Their technique provided a non-contact, 
non-destructive, and online approach for inspection of MLCCs. A pulsed infrared laser 
excites a specimen into vibration through laser-generated ultrasound, and the vibration 
displacement is measured using an interferometer. Differentiation between acceptable 
and unacceptable devices was achieved using signal-processing techniques that compared 
waveforms between two devices, where one of the waveforms is a reference waveform 
from a good MLCC. 
Ousten, et al. [52] [53] used the residual piezoelectricity for in ceramic capacitors. 
Piezoelectricity provides an impedance signature at resonance allowing detection of 
defects.  In this paper, they concluded that impedance spectroscopy measurements are 
probably one of the best ways to analyze passive components. They have shown that the 
use of the piezoelectric response on impedance for type II and relaxor ceramic capacitors 
is a powerful technique for detection of micro-defects. The sensitivity allows detecting 
defects of less than 1 mm, without exceeding two times of the rated voltage as bias 
voltage, under the only condition to have a defect-free response for reference. 
Bechou et al. [54] also focused on a technique based on the principle of 
electromechanical resonances existing in piezoelectric materials under a DC bias. Based 
on the correlation between the impedance measurement of the chip under a sufficient 
voltage allows them to highlight some conclusions concerning the behavior, the nature of 
the defects and the long-term reliability of ceramic chip capacitors. This method has the 
advantage of being non-destructive, rapid, efficient and low cost. 
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Boser [55] used impedance measurements as a function of frequency on ceramic 
capacitors with X7R and Z5U dielectrics and showed electromechanical resonances 
which are caused by the piezoelectric nature of the barium titanate-based dielectric 
materials. 
Love and Ewell [56] applied acoustic microscopy for detection of delamination inside 
MLCCs. This tool is sensitive to erratic electrode stacking, ceramic margins, termination 
quality, and other defects. In addition, some preliminary work has been done 
investigating the ability of acoustic microscope to evaluate chips for dielectric voids. 
Chan and Rawal [57] evaluated an ac-voltage-induced acoustic emission test technique 
for screening physical flaws, particularly delamination, in multilayer ceramic capacitors. 
Spiiggs and Cronshagen [58] devised and applied a radiographic method for the 
detection of delaminations in small ceramic chip capacitors. Their results indicated that 
this nondestructive technique is suitable for sampling or 100% screening of lots. The 
radiograph provides an integrated image of internal structure rather than a view of just of 
one plane as in cross sectioning.  
 
1.11 Focus of the present study 
With the transition to lead-free materials in the electronics industry there is a concern 
that multilayer ceramic capacitors assembled on printed circuit boards with lead-free 
solder have different susceptibility to flex cracking than those assembled with eutectic 
tin-lead solder. In the present study, the main focus is to investigate differences in flex 
cracking of MLCCs assembled with lead-free solder as compared with eutectic tin-lead 
solder, through a systematic examination of factors which had not been studied 
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previously in this context and explain the difference in flex cracking susceptibility of 
MLCCs assembled with lead-free and tin-lead solders. 
Tin-silver-copper lead-free solders and eutectic tin-lead solder have different 
mechanical properties, which affect the amount of the stresses that is transmitted to the 
ceramic body of the capacitor through the solder fillet. In addition, solidification 
temperature for Sn3.0Ag0.5Cu lead-free solder is about 34° higher than for eutectic tin-
lead (Sn37Pb) solder. The higher solidification temperature for lead-free solder causes 
the amount of residual compressive stresses after reflow cool-down process for MLCCs 
assembled with lead-free solder to be higher than those assembled with tin-lead solder. 
In this study, the effects of different parameters on flex cracking of multilayer 
ceramic capacitors were investigated. The effects of dielectric material, capacitor size, 
solder assembly process, solder material, and end-termination type on flex cracking of 
multilayer ceramic capacitors were determined for MLCCs from different manufacturers. 
Flex cracking of standard- and flexible-termination MLCCs mounted on PCBs with two 
different solder materials, lead-free solder and eutectic tin-lead solder, was investigated 
and compared. Capacitors from several manufacturers were included in order to 
incorporate variations in materials and manufacturing processes, which provide insight 
into the range of behavior possible from commercially available components. Two 
capacitor sizes and two commonly used dielectric materials were considered in 
experimental design of flex testing of MLCCs. Flex cracking of convective reflow-
soldered MLCCs was compared with wave-soldered MLCCs for both flexible and 
standard terminations.  
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Destructive and non-destructive failure analysis techniques were used to confirm 
cracking of MLCCs, which were identified as failures in flex tests. The tested capacitors 
were potted and cross-sectioned, and then environmental scanning electron microscopy 
(E-SEM) and optical microscopy were used to characterize the cracks inside capacitors. 
Non-destructive techniques, such as impedance spectroscopy and X-ray radiography, 
were also applied to detect cracks inside capacitor body. 
Since some flexible-termination and standard-termination MLCCs are made with 
precious metal electrodes (silver-palladium), there is a possibility of electrochemical 
silver migration under bias and humidity. In addition, the polymer buffer layers in 
flexible-termination MLCCs are loaded with silver for electrical conduction, which is 
another potential source for silver migration.  
In this study, effects of temperature-humidity-bias (THB) on electrical parameters of 
multilayer ceramic capacitors with both flexible and standard terminations were 
investigated. There is no published data available of temperature-humidity-bias testing 
for the new technology flexible-termination MLCCs. Users of this new technology have 
the concern that long term exposure to moisture cause failure or electrical degradation in 
flexible-termination MLCCs. In addition, temperature-humidity-bias effects on electrical 
parameters of MLCCs made of precious metal electrode (Ag-Pd) are compared with 
MLCCs made of base metal electrodes (Ni).  
In manufacturers’ qualification testing of MLCCs in temperature-humidity-bias 
conditions and previous work on testing of MLCCs in THB conditions, electrical 
parameters of MLCCs has not been measured in-situ during THB testing. They usually 
measured electrical parameters periodically during testing at room temperature or only 
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before and after completion of the THB testing. In this situation, intermittent failures that 
occur during testing are not captured and the failed MLCCs, which are recovered at room 
temperature-humidity conditions, are not captured as failures too. In-situ measurement of 
different electrical parameters (capacitance, dissipation factor, and insulation resistance) 
of MLCCs during THB testing was implemented in the present study. This helps to 
capture intermittent failures of MLCCs during testing and finding effects of temperature-
humidity-bias on each electrical parameter separately. It is possible that an MLCC exhibit 
out of specification value for one of the electrical parameters, while other electrical 




2 Flex cracking of multilayer ceramic capacitors with standard and 
flexible terminations 
In this section, experimental results on flex testing of assembled multilayer ceramic 
capacitors with standard and flexible terminations are presented. With the transition to 
lead-free materials in the electronics industry there is a concern that multilayer ceramic 
capacitors assembled on printed circuit boards with lead-free solder have different 
susceptibility to flex cracking than those assembled with eutectic tin-lead solder. In the 
present study, the main focus is to investigate the differences in flex cracking of MLCCs 
assembled with lead-free solder as compared with eutectic tin-lead solder. 
There is some new legislation worldwide on the use of hazardous material such as 
lead in electronic industry. In such legislation, the use of hazardous materials such as lead 
is often limited in order to improve the ease of recycling. The European Parliament and 
the Council of the European Union passed some directives to minimize the risks that the 
production, use, treatment, and disposal of waste electrical and electronic equipment have 
on human health and the environment. Directive on the restriction of hazardous 
substances (ROHS) in electrical and electronic equipment [59] and directive on waste 
electrical and electronic equipment (WEEE) [60] were proposed for several years. They 
identify lead as a material not allowed in electrical and electronic equipment to be put on 
the market after July 1, 2006 [61]. 
In this section, the effects of different parameters on flex cracking of multilayer 
ceramic capacitors are investigated. The effects of dielectric material, capacitor size, 
solder assembly process, solder material, and end-termination type on flex cracking of 
multilayer ceramic capacitors are determined for MLCCs from different manufacturers. 
 
 41
Flex cracking of standard- and flexible-termination MLCCs assembled on PCBs with two 
lead-free and eutectic tin-lead solders are investigated and compared. Flex cracking of 
two capacitor sizes and two commonly used dielectric materials are compared. Flex 
cracking of convective reflow-soldered MLCCs are compared with wave-soldered 
MLCCs for both flexible and standard terminations. 
The difference in results of MLCCs assembled with lead-free and tin-lead solder is 
explained in terms of solder mechanical properties using finite element analysis, and 
solders solidification temperature. In addition, effects of isothermal high temperature 
aging on flex cracking of MLCCs assembled with tin-lead and lead-free solders are 
presented. The results of isothermal high temperature aging on flex cracking of MLCCs 
are explained and related to difference in susceptibility of flex cracking of MLCCs 
assembled with tin-lead and lead-free solders. 
Finally, destructive and non-destructive failure analysis techniques were used to 
confirm cracking of MLCCs, which were identified as failures in flex tests. The solder 
fillet geometrical parameters for MLCCs assembled with lead-free and tin-lead solder are 
compared. Material analysis and constructional analysis of tested MLCCs are presented.   
 
2.1 Experimental procedure 
In order to study flex cracking of multilayer ceramic capacitors, printed circuit boards 
were designed and built using high glass transition temperature (Tg = 170°C) FR4 
material (glass fiber reinforced epoxy resin matrix). On each board, 24 capacitors were 
assembled. There were two board designs (similar to each other but with different pad 
sizes) for 0805 capacitors and 1812 capacitors. The solder pads on these boards were 
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plated with immersion tin. The layout of the test board for 1812 size MLCCs is shown in 
Figure 12. A lead-free solder (Sn3.0Ag0.5Cu) and eutectic tin-lead solder (Sn37Pb), were 
used to assemble capacitors on the boards using convective solder reflow. The 
temperature profiles of the reflow process for these two different solder materials were 
different. The peak reflow temperature for eutectic tin-lead solder was between 210 and 
230°C, while for Sn3.0Ag0.5Cu lead-free solder it was between 235 and 255°C. 
After assembling capacitors, boards were subjected to deflection based on 
IPC/JEDEC standard 9702 [62] using the 4-point bend test shown in Figure 13. Vertical 
displacement of load rams versus time on an MTS hydraulic tester during a flex test is 
shown in Figure 14. The ram displacement was increased in 0.2 mm steps at a rate of 4 
mm/s and then held at that position for 10 seconds to allow capacitance measurement of 
all 24 capacitors assembled on the board at each step. Figure 5 contains a photograph that 
was taken during actual bend testing at the maximum ram displacement of 10 mm. After 
the ram reached its maximum displacement for 10 seconds, it was brought back to zero 
displacement in one step at a rate of 4 mm/s. 
In order to measure PCB strain during flex testing, strain gauges were mounted on 
each board. Since the net vertical force between the two load rams of the 4-point bend 
test is zero, the radius of curvature between the load rams, where the capacitors were 
mounted, is theoretically constant. 
The capacitance of each capacitor was monitored in-situ throughout the flex test in 
order to detect the occurrence of flex cracking. A multiplexing switch was used to scan 
all the capacitors mounted on the board and measure each capacitor using a LCR meter. 
Capacitance is expected to drop upon cracking of a capacitor if a crack passes through the 
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electrodes of the capacitor. Recovery after the end of the flex test for some capacitors 
necessitates in-situ monitoring of capacitance. In addition, after each capacitance 
measurement, the strain on board was measured to determine the strain level that caused 
a capacitor to crack. A software program in Labview was developed to control the LCR 
meter, switch, and digital multimeter. 
Strain was measured for each column individually on one board, with strain gauges 
placed in the locations shown in the center line of the board in Figure 12. From these 
measurements it was found that strain varied by a maximum of about 12% from the 
average, although this difference remained below 10% for nearly all deflection levels. 
Analysis of variance (ANOVA) for strain-to-failure data from each of the three columns 






Figure 12. Test board for flex cracking test of 1812 size MLCCs. The thickness of boards 
is 1.57 mm. 
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2.2 Experimental design for flex test of MLCCs 
The experiment addressed six parameters, which affect flex cracking of MLCCs: 
solder material, solder assembly process, dielectric material, capacitor size, end-
termination type, and manufacturer. The sample matrix for standard-termination and 
flexible-termination MLCCs assembled with convective reflow soldering are presented 
separately. Finally, sample matrix for MLCCs assembled with wave soldering is 
presented. 
 
2.2.1 Experimental design for flex test of standard-termination MLCCs 
In order to study the effect of solder material on flex cracking of MLCCs, two solder 
materials were used to assemble the capacitors on PCBs, eutectic tin-lead solder 
(Sn37Pb) and a lead-free solder (Sn3.0Ag0.5Cu). Two capacitor sizes were selected, 
0805 and 1812, to allow comparison of susceptibility to flex cracking of a larger size 
capacitor (1812) with a smaller size capacitor (0805). Finally, two dielectrics were 
considered, C0G and X7R, in order to compare flex cracking of two commonly used 
dielectric materials with different mechanical properties. 
The sample matrix for the flex tests of standard-termination MLCCs assembled on 
PCBs with convective reflow soldering is shown in Table 2. Capacitors from four 
manufacturers, AVX, Kemet, Vishay, and TDK were studied. All capacitors used in this 
study were obtained from authorized distributors and they are standard production parts. 
Initially, 1812 capacitors from Kemet, with two different dielectrics (X7R, and C0G) 
were tested using both solder materials (lead-free and tin-lead). As shown in Table 2, 4 
boards with 24 capacitors on each board were tested for each case. In addition, capacitors 
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from Kemet and AVX with size 0805 and dielectric X7R were tested using both solder 
materials.  
In order to compare flex cracking of ceramic capacitors from different manufacturers, 
capacitors with size 1812 and dielectric X7R from the three other manufacturers (AVX, 
Vishay, and TDK) were tested using both solder materials. The larger capacitor size was 
selected, because it is more susceptible to flex cracking. 
Some parameters affecting flex cracking of MLCCs were kept constant in our 
experiments to the extent possible. These parameters include the pad size for each 
capacitor size and their distance from each other, PCB thickness, and PCB material. The 
capacitors which have been selected for testing have a capacitance of 0.1 µF except 
capacitors with C0G dielectric from Kemet and X7R capacitors from TDK. For 
capacitors with C0G dielectric, a value of capacitance has been chosen to keep the 
thickness of the capacitors the same as that for 1812 size capacitors with X7R dielectric 
selected for testing (see Table 2). For capacitors from TDK, a higher capacitance value 




Table 2. Sample matrix for flex testing of standard-termination MLCCs assembled on 
PCBs with convective reflow soldering. 





Sn37Pb 1812 C0G 0.0068 Kemet 4 96 
Sn3.0Ag0.5Cu 1812 C0G 0.0068 Kemet 4 96 
Sn37Pb 1812 X7R 0.1 Kemet 4 96 
Sn3.0Ag0.5Cu 1812 X7R 0.1 Kemet 4 84 
Sn37Pb 1812 X7R 0.1 AVX 2 46 
Sn3.0Ag0.5Cu 1812 X7R 0.1 AVX 2 48 
Sn37Pb 1812 X7R 0.1 Vishay 2 47 
Sn3.0Ag0.5Cu 1812 X7R 0.1 Vishay 2 48 
Sn37Pb 1812 X7R 1.5 TDK 2 48 
Sn3.0Ag0.5Cu 1812 X7R 1.5 TDK 2 48 
Sn37Pb 0805 X7R 0.1 Kemet 2 48 
Sn3.0Ag0.5Cu 0805 X7R 0.1 Kemet 2 48 
Sn37Pb 0805 X7R 0.1 AVX 2 48 
Sn3.0Ag0.5Cu 0805 X7R 0.1 AVX 2 48 
 
2.2.2 Experimental design for flex test of flexible-termination MLCCs 
Four-point bend tests will be conducted to study flex cracking of MLCCs with 
flexible termination assembled on PCBs with two different solders; eutectic tin-lead 
(Sn37Pb) and lead-free (Sn3.0Ag0.5Cu). Table 3 shows the sample matrix for flex tests 
of flexible-termination MLCCs assembled on boards with convective reflow soldering. 
Flexible-termination MLCCs from two manufacturers (AVX and Syfer) with size of 1812 
and flexible-termination MLCCs with size of 0805 from AVX were considered. For each 
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case, 48 capacitors will be tested. AVX’s flexible-termination MLCCs are made of base 
metal electrodes (nickel), while Syfer’s flexible-termination MLCCs are made of 
precious metal electrodes (silver-palladium). 
Based on these experimental results, flex cracking susceptibility of flexible-
termination MLCCs assembled on PCBs with lead-free solder will be compared with 
those assembled with eutectic tin-lead solder. In addition, flex cracking susceptibility of 
flexible- and standard-termination MLCCs will be compared. 
 
Table 3. Sample matrix for flex test of flexible-termination MLCCs assembled on PCBs 
with convective reflow soldering. 





Sn37Pb 1812 X7R 0.22 AVX 2 48 
Sn3.0Ag0.5Cu 1812 X7R 0.22 AVX 2 48 
Sn37Pb 1812 X7R 0.1 Syfer 2 48 
Sn3.0Ag0.5Cu 1812 X7R 0.1 Syfer 2 48 
Sn37Pb 0805 X7R 0.1 AVX 2 48 
Sn3.0Ag0.5Cu 0805 X7R 0.1 AVX 2 48 
 
2.2.3 Experimental design for flex test of wave-soldered MLCCs 
Four-point bend tests will be conducted to study flex cracking of MLCCs assembled 
on PCBs with wave soldering using eutectic tin-lead solder. Table 4 shows the sample 
matrix for flexible- and standard-termination MLCCs assembled on PCBs with wave 
soldering. Flexible- and standard-termination MLCCs from AVX were considered in 
these experiments. Manufacturers of MLCCs recommend wave soldering of MLCCs for 
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sizes smaller than 1206. Therefore, only MLCCs with size of 0805 were considered in 
flex test of wave-soldered parts. Based on these experimental results, flex cracking 
susceptibility of wave-soldered flexible- and standard-termination MLCCs will be 
compared with those assembled with convective reflow soldering. 
 
Table 4. Sample matrix for flex test of flexible- and standard- termination MLCCs 
assembled on PCBs with wave soldering. 








Sn37Pb 0805 X7R Flexible AVX 2 48 
Sn37Pb 0805 X7R Standard AVX 2 48 
 
2.3 Experimental results 
This section presents plots of cumulative percent failure as a function of PCB strain 
for capacitors assembled using two different solder materials. The results are compared to 
examine the effects of solder material, solder assembly process, capacitor size, dielectric 
material, end-termination type, and manufacturer.  
The capacitance of each capacitor was measured during board bending to detect crack 
formation. Figure 15 and Figure 16 show capacitance change and strain on the board as a 
function of time during flex testing. In Figure 15, capacitance drops upon the occurrence 
of the flex crack and recovers after removal of the strain. This behavior would be 
indicative of a “walking-wounded” in field applications, because a crack exists. If a 
cracked capacitor is used in a field application a conductive medium, often atmospheric 
moisture, can penetrate through the crack into the capacitor and cause leakage current of 
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the capacitor to increase. This may also lead to the shorting of the opposing electrodes of 
the capacitor, ultimately causing catastrophic failure in applications such as those 
involving high power, in which the short circuit may initiate a fire. In Figure 16 
capacitance drops upon the occurrence of the flex crack and does not recover. Cross-
sections and optical microscopy of tested capacitors verified conclusions of in-situ 
measurements of capacitance. The failure criterion for flex cracking was chosen to be a 
10% drop in capacitance relative to the nominal value of capacitance according to the 
manufacturer’s datasheet for the part, indicating the point at which the capacitance fell 
out of specification. In practice, the high rate of crack growth for these brittle components 
meant that the final results were almost insensitive to whether capacitance drop was 
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Figure 15. Capacitance change and strain on board as a function of time during flex 
testing of MLCCs. The capacitance drops due to flex cracking and recovers after removal 
of the strain. C0 is the nominal capacitance of the capacitor, which is equal to 0.1 µF for 






Figure 16. Capacitance change and strain on board as a function of time during flex 
testing of MLCCs. The capacitance drops due to flex cracking and does not recover after 
removal of the strain. 
 
2.3.1 Comparison of the effects of the solder material on flex cracking of MLCCs 
Flex cracking of MLCCs mounted on boards with eutectic tin-lead solder and 
Sn3.0Ag0.5Cu lead-free solder was studied. Figure 17 compares the effects of Sn37Pb 
and Sn3.0Ag0.5Cu solders on the flex cracking of capacitors with 1812 size and X7R 
dielectric from Kemet. MLCCs mounted on boards with lead-free solder showed less 
susceptibility to flex cracking than capacitors mounted with eutectic tin-lead solder, and 
this was true for capacitors from the other two manufacturers. A similar trend to that 





















































Figure 19 and Figure 20 compare flex cracking susceptibility of capacitors with 1812 
size and X7R dielectric from the three different manufacturers mounted on boards with 
tin-lead and lead-free solders, respectively. The results from three manufacturers are 
comparable with each other in the case of tin-lead solder, while among capacitors 
mounted on boards with lead-free solder, capacitors from Kemet showed higher 
susceptibility to flex cracking compared to capacitors from AVX and Vishay. The 
differences observed with lead-free solder among capacitors from different manufacturers 
may be related to solder fillet variations or to their response to the higher solidus 
temperature for lead-free solder, which will be discussed later.  
For 0805 size capacitors and X7R dielectric from two different manufacturers also 
exhibited the same trend that was observed for 1812 size capacitors. Figure 21 compares 
flex cracking susceptibility of capacitors with 0805 size and X7R dielectric from the two 
different manufacturers (AVX and Kemet) mounted on boards with tin-lead solders. The 
results from two manufacturers are comparable with each other in the case of tin-lead 
solder, while among capacitors mounted on boards with lead-free solder, capacitors from 
Kemet showed higher susceptibility to flex cracking compared to capacitors from AVX. 
For 0805 size capacitors from Kemet mounted on boards with lead-free solder, 8 out of 
48 samples showed failure during flex testing, while in the same situation for capacitors 
from AVX showed no failure out of 48 samples (see Table 5).  
Table 5 provides the strain on board which causes one percent and ten percent failure 
for standard-termination MLCCs. Although the strain on board for 1812 size X7R 
capacitors showed a big difference between tin-lead and lead-free solder for ten percent 
failure, the differences are less at one percent failure (see Table 5).  
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The Weibull 3-parameter distribution was used to generate the curves that are fit to 




























where β is the shape parameter, η is the scale parameter, and γ is the location 
parameter.  
Table 6 lists the Weibull parameters for these distributions. It is clear that scale 
parameters for MLCCs assembled with lead-free solder are much larger than those for 
MLCCs assembled with tin-lead solder, which confirms that MLCCs assembled with tin-




Figure 17. Comparison of cumulative percent failure as a function of strain on board for 








Figure 18. Comparison of cumulative percent failure as a function of strain on board for 








Figure 19. Comparison of cumulative percent failure as a function of strain on board for 
1812 size, X7R capacitors from different manufacturers (Kemet, AVX, and Vishay) 









Figure 20. Comparison of cumulative percent failure as a function of strain on board for 
1812 size, X7R capacitors from different manufacturers (Kemet, AVX, and Vishay) 







Figure 21. Comparison of cumulative percent failure as a function of strain on board for 
0805 size, X7R capacitors from different manufacturers (Kemet, and AVX) mounted on 






Table 5. The strain on board at 1 and 10% failure due to flex cracking of MLCCs. Within 
the last two columns, the bold and underlined numbers indicate the lowest and the highest 
values, respectively, of strain on board at that percent of failure among MLCCs with X7R 
dielectric and 1812 size. 















Sn37Pb 1812 C0G Reflow Kemet No failure No failure 
Sn3.0Ag0.5Cu 1812 C0G Reflow Kemet No failure No failure 
Sn37Pb 1812 X7R Reflow Kemet 1,300 1,700 
Sn3.0Ag0.5Cu 1812 X7R Reflow Kemet 1,700 2,300 
Sn37Pb 1812 X7R Reflow AVX 1,500 1,900 
Sn3.0Ag0.5Cu 1812 X7R Reflow AVX 3,300 7,400 
Sn37Pb 1812 X7R Reflow Vishay 1,500 2,000 
Sn3.0Ag0.5Cu 1812 X7R Reflow Vishay 2,800 9,600 
Sn37Pb 1812 X7R Reflow TDK 1,600 1,900 
Sn3.0Ag0.5Cu 1812 X7R Reflow TDK 3,600 5,600 
Sn37Pb 0805 X7R Reflow Kemet 4,000 5,100 
Sn3.0Ag0.5Cu 0805 X7R Reflow Kemet 6,800 9,300 
Sn37Pb 0805 X7R Reflow AVX 3,700 4,400 
Sn3.0Ag0.5Cu 0805 X7R Reflow AVX No failure No failure 




Table 6. Weibull distribution parameters for flex test results on standard-termination 















Sn37Pb 1812 Reflow Kemet 2.1 1,765 1,096 
Sn3.0Ag0.5Cu 1812 Reflow Kemet 1.3 4,337 1,528 
Sn37Pb 1812 Reflow AVX 2.1 1,898 1,253 
Sn3.0Ag0.5Cu 1812 Reflow AVX 1.7 20,597 2,052 
Sn37Pb 1812 Reflow Vishay 2.5 1,874 1,203 
Sn3.0Ag0.5Cu 1812 Reflow Vishay 2.2 28,812 -584 
Sn37Pb 1812 Reflow TDK 1.0 3,063 1,620 
Sn3.0Ag0.5Cu 1812 Reflow TDK 1.3 13,390 3,159 
Sn37Pb 0805 Reflow Kemet 2.6 4,200 3,280 
Sn3.0Ag0.5Cu 0805 Reflow Kemet 0.8 40,863 6,640 
Sn37Pb 0805 Reflow AVX 1.2 5,655 3,542 
Sn37Pb 0805 Wave AVX 1.2 3,643 3,927 
 
2.3.2 Comparison of the effects of the dielectric material on flex cracking of 
MLCCs 
Flex testing of 1812 capacitors with C0G dielectric mounted on boards with eutectic 
tin-lead and Sn3.0Ag0.5Cu lead-free solder was conducted to compare with X7R 
dielectric. 96 capacitors with C0G dielectric were tested for each solder material. None of 
the capacitors with C0G dielectric showed evidence of flex cracking up to the maximum 
strain level on board of about 13,000 micro-strains (The value of the strain given in 
micro-strains should be multiplied by 10-6 to get strain). In contrast, in the case of X7R 
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capacitors from the same manufacturer assembled with tin-lead solder, 94 out of 96 
capacitors failed. Our results are in agreement with previous results that capacitors with 
X7R dielectric are known to be more susceptible to flex cracking than those with C0G 
dielectric , which has higher fracture toughness [10] [11]. 
 
2.3.3 Comparison of the effects of the capacitor size on flex cracking of MLCCs 
In order to study the effect of capacitor size on flex cracking of MLCCs, flex tests of 
two different capacitor sizes (0805 and 1812) from Kemet were conducted. Figure 22 
compares the cumulative percent failure of 1812 and 0805 capacitors with X7R dielectric 
assembled on boards with eutectic tin-lead solder. Smaller capacitors (0805) showed 
better resistance to cracking compared to larger capacitors (1812) for tin-lead solder. A 
similar trend was observed for MLCCs assembled with lead-free solder. Our results are in 
agreement with previous literature [5] that smaller capacitors are less susceptible to flex 
cracking. Strain on board at 10% failure was 5,100 micro-strains for 0805 size capacitors 
from Kemet assembled with tin-lead solder. In comparison, for 1812 size capacitors from 






Figure 22. Comparison of cumulative percent failure as a function of strain on board for 
capacitors of size 1812 and 0805 with X7R dielectric from Kemet mounted on boards 
with Sn37Pb solder. 
 
2.3.4 Comparison of the effects of the solder assembly process on flex cracking of 
MLCCs 
Flex testing of MLCCs assembled with convective reflow soldering and wave 
soldering was conducted to study the effects of the solder assembly process on flex 
cracking of MLCCs. Manufacturers of MLCCs recommend wave soldering of MLCCs 





the flex test of wave-soldered parts. Figure 23 compares cumulative percent failure as a 
function of strain on board for capacitors assembled with convective reflow soldering and 
wave soldering. Capacitors are size 0805 with X7R dielectric from AVX and assembled 
with Sn37Pb solder. MLCCs assembled with convective reflow soldering showed 
comparable results with MLCCs assembled with wave soldering. 
Table 7 shows the strain on board at 10% failure due to flex cracking and 95% 
confidence bounds of strain at 10% failure for standard-termination MLCCs assembled 
with reflow and wave soldering. The strain at 10% failure was selected as a metric for 
comparing the effects of solder assembly process, although the conclusions are valid over 
a wide range of cumulative percent failure. The MLCCs assembled with convective 
reflow soldering and wave soldering showed very similar results in flex testing and the 
analysis shows that the 95% confidence intervals for reflow and wave soldering overlap. 
 
Table 7. The strain on board at 10% failure due to flex cracking and 95% confidence 
bounds of strain at 10% failure for standard-termination MLCCs assembled with reflow 






Upper bound of 
strain at 10% 
failure at 95% 
confidence 
level 
Strain on board 
at 10% failure 
(Micro strain) 
Lower bound 
of strain at 10% 
failure at 95% 
confidence 
level 
Sn37Pb Reflow 5200 4400 4000 






Figure 23. Comparison of cumulative percent failure as a function of strain on board for 
capacitors assembled with convective reflow soldering and wave soldering. Capacitors 
are size 0805 with X7R dielectric from AVX and assembled with Sn37Pb solder. 
 
2.3.5 Flex test results of the flexible-termination MLCCs 
Flex test results of flexible-termination MLCCs mounted on boards with eutectic tin-
lead and lead-free solders are summarized in Table 8. Flexible-termination MLCCs were 
tested up to a maximum board strain level of 12,000 micro strain (load ram displacement 






termination MLCCs were tested. In general, flexible-termination MLCCs are much less 
susceptible to flex cracking than standard-termination MLCCs.  
For flexible-termination MLCCs assembled with lead-free solder, no failures out of 
48 samples were observed in flex testing. In contrast, for 1812 size MLCCs assembled 
with tin-lead solder some failures were observed during flex testing of boards, although it 
was still much less than what was observed for standard-termination MLCCs. For 1812 
size flexible-termination MLCCs from AVX assembled with tin-lead solder, two out of 
48 samples failed in flex testing and for 1812 size flexible-termination MLCCs from 
Syfer only one failure out of 48 samples was observed. The strain on board at failure for 
each of these failures is given in Table 8. For 0805 size flexible-termination MLCCs, no 
failure out of 48 samples was observed for both reflow-soldered and wave-soldered 
samples. 
 












Sn37Pb Reflow 1812 AVX 48 2 4,900 and 8,100
Sn3.0Ag0.5Cu Reflow 1812 AVX 48 0 - 
Sn37Pb Reflow 1812 Syfer 48 1 7,700 
Sn3.0Ag0.5Cu Reflow 1812 Syfer 48 0 - 
Sn37Pb Reflow 0805 AVX 48 0 - 
Sn3.0Ag0.5Cu Reflow 0805 AVX 48 0 - 




2.4 Isothermal aging effects on flex cracking of assembled multilayer ceramic 
capacitors 
It was shown in the experiments that MLCCs assembled with lead-free solder 
(Sn3.0Ag0.5Cu) are less susceptible to flex cracking compared to MLCCs assembled 
with eutectic tin-lead solder. Lead-free solder solidifies at a higher temperature than tin-
lead solder. Therefore, after solder assembly lead-free solder exerts more compressive 
stress on MLCCs than tin-lead solder. Consequently, capacitors assembled with lead-
free solder should require a larger applied bending stress to crack than those assembled 
with tin-lead solder. The motivation behind the isothermal aging of MLCCs followed by 
flex testing was to reduce the amount of the compressive stress in MLCCs through stress 
relaxation, especially in the case of lead-free solder, in order to investigate its effect on 
flex cracking. 
 
2.4.1 Experimental procedure of the flex testing of aged assembled MLCCs 
In the experiment, 24 capacitors were assembled on each board, some boards with 
lead-free solder (Sn3.0Ag0.5Cu) and others with eutectic tin-lead solder (Sn37Pb) using 
convective solder reflow (see Table 9). The temperature profiles of the reflow process for 
these two different solder materials were different. The peak reflow temperature for 
eutectic tin-lead solder was approximately 220°C, while for Sn3.0Ag0.5Cu lead-free 
solder it was approximately 245°C.  
As shown in the flow chart for the experimental procedure (Figure 24), some boards 
were aged for 200 hours at either 100 or 150°C. The reason for choosing 150°C was that 
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it was high enough to cause high amount of creep in solder alloy and relaxing 
compressive residual stress inside the capacitors, and 150°C is still below the melting 
temperatures of both eutectic tin-lead and tin-silver-copper lead-free solders. Also, 150°C 
was below the glass transition temperature of FR4 PCB (Tg = 170°C). In addition, 
another temperature (100°C) was chosen to enable comparison between two aging 
temperatures. The difference between the two aging conditions was chosen to be 50°C to 
make it more likely that we would observe the effects of different aging temperatures. 
The boards were then subjected to deflection at room temperature based on 
IPC/JEDEC standard 9702 [62] using a four-point bend test to compare susceptibility to 
flex cracking of capacitors which were aged at high-temperature with those which were 
not. In order to ensure that capacitors retained electrical functionality, capacitance and 
dissipation factor were measured before and after aging.  In order to measure PCB strain 
during flex testing, strain gauges were mounted on each board.  Further details regarding 
the experimental procedure and apparatus used for four-point bend testing were explained 
in section 2.1. 
The capacitance of each capacitor was monitored in-situ throughout the flex test in 
order to detect the occurrence of flex cracking. Capacitance is expected to drop if a crack 
passes through the electrodes of the capacitor. In-situ monitoring of capacitance was 
necessary since some cracked capacitors exhibit recovery after completion of the flex 
test. Along with each capacitance measurement the strain on board was measured to 
determine the strain level that caused failure. Optical microscopy of cross-sectioned 





Figure 24. Flow chart of experimental procedure of the flex testing of aged and un-aged 
assembled MLCCs. 
 
2.4.2 Experimental design of the flex testing of aged assembled MLCCs 
The capacitors were assembled on the PCBs using eutectic tin-lead solder (Sn37Pb) 
and a lead-free solder (Sn3.0Ag0.5Cu), to compare the effect of assembly with lead-free 
solder to eutectic tin-lead solder. MLCCs with both standard and flexible terminations 
were considered, as presented in the sample matrix shown in Table 9. MLCCs from two 
manufacturers, AVX and Syfer, were studied. Some boards were aged at one of two 
elevated temperatures, 150°C and 100°C, for 200 hours. In addition, boards which were 
not aged were tested to compare flex cracking susceptibility with those that were aged. 
All capacitors had a capacitance of 0.1 µF and a rated voltage of 100 volts and contained 
Aging at high temperature (100°C 
or 150°C) for 200 hours 
Flex testing of PCBs at room temperature with in-situ 
measurement of capacitance and strain on board 
Measurement of electrical 
parameters at room temperature 
Assembly of capacitors on PCBs 
Measurement of electrical parameters at room temperature 
Aged assembled MLCCs Un-aged assembled MLCCs 
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X7R dielectric. They were of 1812 size, which means that their length was 0.18 in (4.6 
mm) and their width was 0.12 in (3 mm). The thickness of the capacitors was 0.03 in (0.8 
mm). The number of capacitors tested in each condition is shown in Table 9. 
 











Sn37Pb Flexible Syfer 1 24 
Sn3.0Ag0.5Cu Flexible Syfer 1 24 
Sn37Pb Standard AVX 1 24 
150°C,  
200 hours 
Sn3.0Ag0.5Cu Standard AVX 1 24 
Sn37Pb Flexible Syfer 1 24 
Sn3.0Ag0.5Cu Flexible Syfer 1 24 
Sn37Pb Standard AVX 1 24 
100°C,  
200 hours 
Sn3.0Ag0.5Cu Standard AVX 1 24 
Sn37Pb Flexible Syfer 2 48 
Sn3.0Ag0.5Cu Flexible Syfer 2 48 
Sn37Pb Standard AVX 2 48 
Un-aged 
Sn3.0Ag0.5Cu Standard AVX 2 48 
 
2.4.3 Experimental results of the flex testing of aged assembled MLCCs 
In this section, flex testing results are presented to examine the effects of isothermal 
aging, solder material, and end termination construction. The failure criterion for flex 
cracking was chosen to be a 10% drop in capacitance relative to the nominal value of 




2.4.3.1 Flex test results for aged assembled standard-termination MLCCs  
Flex cracking results for standard-termination MLCCs assembled on boards with 
eutectic tin-lead solder and Sn3.0Ag0.5Cu lead-free solders are presented in Figure 25 
and Figure 26, respectively. These plots also enable comparison of un-aged capacitors 
with those aged at 100°C and 150°C. MLCCs mounted on boards with lead-free solder 
showed less susceptibility to flex cracking than capacitors mounted with eutectic tin-lead 
solder. For MLCCs assembled with tin-lead solder, isothermal aging, even at 150°C, had 
little influence on flex cracking. In the case of lead-free solder, after aging at 150°C the 
susceptibility to flex cracking increased compared to un-aged MLCCs. Consequently, 
results for boards assembled with tin-lead and lead-free solder are significantly closer to 
each other after aging at 150°C. 
Table 10 lists the Weibull parameters for these distributions. It is clear that scale 
parameters for MLCCs assembled with lead-free solder are much larger than those for 
MLCCs assembled with tin-lead solder, which confirms that MLCCs assembled with tin-
lead solder are more susceptible to flex cracking. In addition, for lead-free solder after 
aging at 150°C the scale parameter decreased considerably, approaching the values for 
tin-lead solder. 
Table 11 shows the strain on board at 10% failure due to flex cracking of MLCCs 
with standard terminations and the 95% confidence bounds of strain at 10% failure. This 
parameter was selected as a metric for comparing the effects of solder alloy and aging, 
although the conclusions are valid over a wide range of cumulative percent failure. For 
MLCCs assembled with tin-lead solder, un-aged and aged capacitors showed very similar 
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results in flex testing and our analysis shows that the 95% confidence intervals for 
different aging conditions overlap. 
In the case of assembly with lead-free solder, capacitors aged at 150°C showed the 
lowest strain at 10% failure in flex testing, whereas the strain at 10% failure appears to be 
highest for capacitors aged at 100°C. However, Table 11 shows that 95% confidence 
intervals of strain at 10% failure for un-aged and 100°C-aged capacitors overlap, whereas 
the 95% confidence interval for capacitors aged at 150°C does not overlap with that of 
the un-aged and 100°C-aged capacitors. This confirms that, to a level of 95% confidence, 
the true value of strain at 10% failure for MLCCs aged at 150°C is lower than that for un-







Figure 25. Cumulative percent failure due to flex cracking as a function of strain on board 
for MLCCs assembled with tin-lead solder, tested without aging or after aging at either 
100°C or 150°C. 
 






















Figure 26. Cumulative percent failure due to flex cracking as a function of strain on board 
for MLCCs assembled with lead-free solder, tested without aging or after aging at either 




































150°C, 200 hours 1.9 1148 1646 
100°C, 200 hours 1.0 1612 2057 Sn37Pb 
Un-aged 2.1 1898 1253 
150°C, 200 hours 1.1 5803 2359 
100°C, 200 hours 5.0 12204 1121 Sn3.0Ag0.5Cu 
Un-aged 1.7 20597 2052 
 
Table 11. The strain on board at 10% failure due to flex cracking of MLCCs with 
standard terminations and 95% confidence bounds of strain at 10% failure. 
Solder material Aging condition 
Upper bound of 
strain at 10% 







of strain at 10% 
failure at 95% 
confidence 
level 
150°C, 200 hours 2210 2000 1870 
100°C, 200 hours 2480 2220 2120 Sn37Pb 
Un-aged 2140 1910 1730 
150°C, 200 hours 4270 3140 2680 
100°C, 200 hours 10940 8890 7270 Sn3.0Ag0.5Cu 




Aging at high temperature may cause material properties of capacitors, solder, and 
boards to change. However, any changes in board and capacitor material properties 
should happen similarly in both tin-lead and lead-free assemblies. Therefore, the 
difference in aging affects on tin-lead and lead-free assemblies were related to another 
factor, such as dissimilar stress relaxation of solders. 
After aging assemblies at high temperature for 200 hours, they were cooled down to 
room temperature. This cooling process generates residual compressive stress inside the 
capacitor body. In order to calculate residual compressive stress inside capacitor body, 
thermal contraction of the PCB and capacitor during the cool-down process is taken into 
account as follows: 
)T(T )CTE(CTE E  T CTE E RoomagingCapacitorBoardCapacitoreCompressiv −−=∆∆=σ ,                  
where eCompressivσ  is residual compressive stress inside the capacitor body, CapacitorE  is the 
elastic modulus of the capacitor body, BoardCTE  and CapacitorCTE  are coefficients of thermal 
expansion for the board and capacitor, respectively, and T∆  is the temperature change 
from aging temperature ( )agingT  to room temperature ( )RoomT . Table 14 and Table 15 
include thermo-mechanical properties of materials used in above equation. The 
compressive residual stress, for both tin-lead and lead-free solders, is calculated to be 89 
MPa after aging at 150°C and 54 MPa after aging at 100°C. 
This calculation indicates the upper limit for the compressive stresses, based on the 
differential expansion between the board and the dielectric of the capacitor. The actual 
compressive stresses which develop due to reflow may be lower because some stress 
relaxation may occur during and after cool-down (to a greater extent in the eutectic 
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solder), and the solder and end termination may deform and thus reduce the stresses 
transmitted to the dielectric. 
 
2.4.3.2 Flex test results for aged assembled flexible-termination MLCCs 
Flex cracking results of flexible-termination MLCCs mounted on boards with eutectic 
tin-lead and lead-free solders are summarized in Table 12. In general, flexible-
termination MLCCs are much less susceptible to flex cracking than standard-termination 
MLCCs. For flexible-termination MLCCs assembled with lead-free solder, no failures 
were observed in flex testing for boards with any aging condition. In contrast, for MLCCs 
assembled with tin-lead solder some failures were observed during flex testing of boards 
aged at different temperatures. In the case of MLCCs aged at 150°C, the cumulative 
percent failure was four times higher in comparison with un-aged MLCCs, although it 




Table 12. Number of failures due to flex cracking and the strain on board at failure for 



















Sn3.0Ag0.5Cu Flexible 24 0 No failure 
Sn37Pb Flexible 24 1 8,300 100°C, 
200 hours Sn3.0Ag0.5Cu Flexible 24 0 No failure 
Sn37Pb Flexible 48 1 7,700 
Un-aged 
Sn3.0Ag0.5Cu Flexible 48 0 No failure 
 
2.5 Discussion on the flex test results 
Experimental results showed that MLCCs assembled with lead-free solder are less 
susceptible to flex cracking compared to MLCCs assembled with eutectic tin-lead solder. 
There are three factors which have been considered to explain this difference: solder fillet 
geometry, solder solidification temperature, and mechanical properties of the solder 
materials. 
 
2.5.1 Solder fillet geometry analysis of assembled MLCCs 
In order to investigate the solder fillet geometries, four parameters were measured for 
cross-sectioned MLCCs: the maximum height of the solder fillet, solder wetting angle at 
the top of the fillet, stand-off height of the capacitor body above the solder pad surface, 
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and capacitor misalignment in longitudinal direction relative to solder pads. Figure 27 
gives the definition of solder height, solder wet angle, stand-off height, and 
misalignment, which were measured for cross-sectioned MLCCs. As shown in Table 13, 
based on the mean values and standard deviations for solder height, stand-off height, and 
solder wetting angle, the differences in solder fillet parameters for tin-lead and lead-free 
solders were not statistically significant. After comparing solder fillet geometrical 
parameters for MLCCs assembled with eutectic tin-lead solder and lead-free solder, it 
appears that the capacitor misalignment is almost 3-times bigger for MLCCs assembled 
with lead-free solder than those assembled with eutectic tin-lead solder, except for 
MLCCs from AVX (see Table 13). 
 
  




Solder wet angle 
A B
Misalignment = (A-B) / 2 
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Table 13. Solder fillet geometry analysis of assembled MLCCs on PCBs with X7R 
dielectric. Values for each parameter are the average of number of samples analyzed for 
each type of capacitor and values in parentheses are standard deviations. 



















Sn37Pb 1812 Kemet 9 569 (75) 9 (3) 59 (13) 22 (19) 
Lead-free 1812 Kemet 9 538 (122) 7 (3) 53 (15) 65 (66) 
Sn37Pb 1812 Vishay 6 494 (99) 7 (1) 40 (12) 16 (15) 
Lead-free 1812 Vishay 6 451 (105) 7 (3) 52 (12) 42 (28) 
Sn37Pb 1812 AVX 3 593 (12) 10 (2) 32 (6) 58 (46) 
Lead-free 1812 AVX 3 610 (51) 8 (2) 37 (13) 10 (11) 
Sn37Pb 0805 Kemet 6 532 (74) 11 (5) 51 (6) 19 (8) 
Lead-free 0805 Kemet 6 608 (45) 9 (3) 56 (9) 67 (61) 
 
2.5.2 Finite element analysis of compressive residual stress inside MLCCs after 
solder assembly process 
The second factor which was examined to explain the difference between flex 
cracking susceptibility of MLCCs assembled with tin-lead and lead-free solders is solder 
solidification temperature. During the solder reflow process, the printed circuit board and 
capacitors expand and contract as a result of temperature changes. The coefficient of 
thermal expansion (CTE) for a barium titanate-based ceramic capacitor was measured to 
be 9.0 ± 0.6 ppm/°C for the temperature range of 25°C to 200°C. For an FR4 PCB in the 
plane of the board, the CTE below the glass transition temperature is around 15 ppm/°C, 
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and the corresponding value above the glass transition temperature is around 20 ppm/°C 
[63]. Therefore, the FR4 board expands more than the capacitors during the heating phase 
of the reflow process, especially when the temperature is higher than the glass transition 
temperature. During solder reflow cool-down, the board and capacitors contract. Before 
the solder completely solidifies, the amount of stress that is transmitted to the capacitor 
body is negligible. Below the solidification temperature of the solder when the last 
remaining liquid has solidified, stresses are transmitted through the solder material to the 
capacitor body.  
The eutectic temperature for tin-silver-copper lead-free solder is 217°C, while the 
corresponding value for tin-lead solder is 183°C [63]. Therefore, during the cool-down 
process, the near-eutectic lead-free solder completes solidification at 47°C above the 
glass transition temperature of the FR4 board (Tg = 170°C), while eutectic tin-lead solder 
is completely solidified at about 13°C above the glass transition temperature. As a result 
of this difference, lead-free solder transmits more residual compressive stress to the 
capacitors than tin-lead solder. 
Finite element analysis (FEA) was implemented to calculate residual stress inside the 
capacitor after the solder reflow cool-down process. A two-dimensional finite element 
model in ANSYS® was constructed, incorporating half of the capacitor and half of the 
PCB using two-fold symmetry. Figure 28 shows the geometry of the assembled capacitor 
used in the FEA model. Table 14 and Table 15 include thermo-mechanical properties of 
materials used in FEA models. The temperature of the assembly was decreased from the 
solder solidification temperature to room temperature (25°C). It was assumed that the 
capacitor at the solidification temperature was in a stress-free condition. Figure 29 shows 
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the stress distribution after the reflow cool-down process for an MLCC assembled on the 
PCB with lead-free solder. It was found that the bottom of the capacitor is under 
compression and the top of the capacitor is in tension, which is in agreement with 
previously reported results in the literature [37]. 
The maximum residual compressive stress in the longitudinal direction was calculated 
to be 75 MPa for a capacitor assembled with tin-lead solder and 92 MPa for a capacitor 
assembled with lead-free solder. The reason for the different levels of compressive stress 
originates in the fact that the solidification temperature for the lead-free solder is 217°C, 
while the corresponding value for the tin-lead solder is 183°C. 
This calculation indicates the upper limit for the compressive stresses. The actual 
compressive stresses which develop due to reflow may be lower because some stress 
relaxation may occur during and after cool-down (to a greater extent in the eutectic 
solder). Nevertheless, the calculation does serve to illustrate that there is a difference in 




Figure 28. Geometry of the capacitor assembled on a PCB as used in the FEA model. The 
figure is truncated on the right hand side of the PCB in order to show a magnified view 
near the capacitor. 
 
Figure 29. Stress distribution after the solder reflow cool-down process for an MLCC 
assembled on the PCB with lead-free solder. 
Compressive stress 










Hunt and Dusek [69] showed that the creep rate for both lead-free and tin-lead solders 
increases with temperature. The secondary creep rate increases by a factor of 
approximately 100 between 20 and 80°C for lead-free solder. Therefore, aging at elevated 
temperature causes the solder alloy to creep and reduces the amount of residual 
compressive stress in MLCCs, especially in the case of lead-free solder when aging is 
performed at higher temperatures (e.g., 150°C). As a result of the reduction of 
compressive stresses, a higher cumulative percent failure was obtained during flex testing 
























FR4 board 14 0.16 [64] See Table 15 [63] 
Copper pad 117 0.35 [64] 17.6 [68] 
Eutectic tin-
lead solder 




40 0.35 [65] [33] 22.4 [63] 
Capacitor end-
termination 
73 0.30 [66] 17.6 [68] 




Table 15. Coefficient of thermal expansion (CTE) used for FR4 PCB in finite element 
analysis [63]. 
FR4 PCB 
CTE in the plane of 
PCB (ppm/°C) 
CTE in vertical direction 
to PCB (ppm/°C) 
Below glass transition 
temperature (Tg = 170°C) 
15.8 85 






2.5.3 Finite element analysis of assembled MLCCs under PCB flexure 
The last factor which was considered to explain the difference between flex cracking 
susceptibility of MLCCs assembled with tin-lead and lead-free solders is solder 
mechanical properties. Finite element analysis (FEA) was conducted of ceramic 
capacitors under PCB flexure in a four-point bend configuration. A two-dimensional FEA 
model in ANSYS® was constructed, considering half of the capacitor and half of the PCB 
using two-fold symmetry. Figure 28 shows the geometry of the assembled capacitor used 
in the FEA model. A symmetry boundary condition was applied in the vertical centerline 
of the capacitor and PCB. A vertical displacement was applied to the PCB at the location 
of the load ram, while zero vertical displacement was applied to the PCB at the location 
of the support ram (see Figure 12), to represent the four-point bend test. This FEA model 
was constructed using both eutectic tin-lead and SnAgCu lead-free solder. The plastic 
stress-strain relation for both solder materials was implemented in the FEA model [70]: 
n
plplC ε=σ , 
where Cpl and n are constants, given in Table 16 for both solder materials. 
Table 16. Plastic model constants for eutectic tin-lead and tin-silver-copper lead-free 
solders calculated for 25°C and tensile loading [70]. 
Solder alloy Cpl (MPa) n 
Eutectic tin-lead solder 138 0.243 
Tin-silver-copper lead-free solder 112 0.278 
 
Figure 30 shows the first principal stress distribution for an MLCC assembled on the 
PCB with lead-free solder. The FEA modeling shows that PCB bending applies a tensile 
stress to the body of the capacitor which is highest along the bottom side. This result is 
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consistent with the previous studies reported in the literature [36] [37]. The maximum 
stress location inside the capacitor body was found to be at the bottom of the capacitor 
near the edge of the termination margin. The location of the maximum stress obtained by 
the FEA model matches with the location of crack initiation inside the flex tested 
capacitors, as was shown in Figure 5.  
Comparison of the FEA results of MLCCs assembled with lead-free and tin-lead 
solder showed that the maximum stress inside the capacitor for an MLCC assembled with 
tin-lead solder is higher than lead-free solder. The first principal stress near the edge of 
the end-termination for an MLCC assembled with tin-lead solder was calculated to be 
313 MPa, while the corresponding value for an MLCC assembled with lead-free was 267 
MPa for the applied load ram displacement of 10 mm. This value was the maximum load 
ram displacement which was applied to the PCBs during flex testing. The higher stress 
for tin-lead solder is due to higher strain hardening in comparison with tin-silver-copper 
lead-free solder [70], which causes more stress to be transmitted to the capacitor body. 
Flex cracking is the result of tensile stresses inside the capacitor body exceeding the 
fracture strength of the ceramic. However, as discussed in section 2.5.2, there are residual 
compressive stresses inside the capacitor body after the solder reflow cool down process, 
which mitigate the tensile stresses generated by PCB bending. These residual 
compressive stresses are higher for MLCCs assembled with lead-free solder than for 
MLCCs assembled with tin-lead solder. Therefore, greater PCB deflection is required for 
MLCCs assembled with lead-free solder for the tensile stresses to reach the ceramic 
fracture strength, in order to overcome the higher residual compressive stress. If bending 
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produces a net tensile stress greater than the fracture strength of the dielectric, a crack 
will initiate at the bottom of the capacitor at the edge of the end termination. 
 
 
Figure 30. First principal stress distribution for an MLCC assembled on the PCB with 
lead-free solder. The stress distribution is shown for a PCB deflection of 5 mm at the load 
ram location (see Figure 12). 
 
2.6  Compositional analysis of MLCCs 
Compositional analysis for dielectric, electrodes, and end-terminations of MLCCs 
was conducted using environmental scanning electron microscopy (E-SEM) combined 
energy dispersive X-ray spectroscopy (EDX). Figure 31 shows EDX mapping of 
electrodes and dielectric for an 1812 size MLCC from AVX with X7R dielectric. 





MLCC and dominant materials in dielectric are barium and titanate. Figure 32 shows 
EDX mapping of end-termination layers for an 1812 size MLCC from AVX with X7R 
dielectric. When an MLCC is made of base metal electrodes, end-terminations are made 
of copper and usually plated with nickel and tin. 
 
 
Figure 31. EDX mapping of electrodes and dielectric for an 1812 size standard-









Figure 32. EDX mapping of end-termination layers for an 1812 size standard-termination 
MLCC from AVX with X7R dielectric. 
 
Table 17 summarizes compositional analysis of MLCCs with standard and flexible 
terminations from different manufacturers. Standard-termination MLCCs with X7R 
dielectric from Kemet, AVX, and TDK are made of base metal electrodes (nickel). 
Standard-termination MLCCs with X7R dielectric from Vishay and MLCC with C0G 
dielectric from Kemet are made of precious metal electrodes (silver-palladium). 
Table 17 also shows the weight percent of barium, titanium, and oxygen for X7R 
dielectric type. By converting weight percents to atomic percents, it is found that the ratio 
of barium and titanium to oxygen is 1 to 3. It can be concluded that the dielectric material 





Flexible-termination MLCCs from Syfer are made of silver-palladium electrodes, 
indicating a precious metal electrode (PME), while flexible-termination MLCCs from 
AVX are made of nickel electrodes, indicating a base metal electrode (BME). End-
termination of the flexible-termination MLCCs from AVX is made of four layers, copper, 
silver-loaded epoxy, nickel, and tin. While in the end-termination of the flexible-
termination MLCCs from Syfer, no copper layer exist between the epoxy layer and the 


















Kemet BME Ni Standard Cu-Ni-Sn X7R 
Barium (55%), Oxygen 
(25%), Titanium (20%) 
AVX BME Ni Standard Cu-Ni-Sn X7R 
Barium (55%), Oxygen 
(25%), Titanium (20%) 
TDK BME Ni Standard Cu-Ni-Sn X7R 
Barium (55%), Oxygen 
(25%), Titanium (20%) 




Barium (48%), Oxygen 
(23%), Titanium (19%), 
and Bismuth (10%) 





Oxygen (28%), Titanium 
(20%), Barium (10%), 
Bismuth (5%), lead (2%), 
and other materials (<1%) 






Barium (55%), Oxygen 
(25%), Titanium (20%) 






Barium (55%), Oxygen 
(25%), Titanium (20%) 
 
2.7 Failure analysis of the flex tested MLCCs 
Destructive and non-destructive failure analysis techniques were used to confirm 
cracking of MLCCs, which were identified as failures in flex tests. These failure analysis 
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techniques are also applied to confirm that those capacitors, which did not show failure 
during flex testing, do not contain any crack or defect inside them.  Destructive technique 
that is used include cross-sectioning of tested MLCCs followed by optical microscopy. 
Non-destructive techniques, such as impedance spectroscopy and X-ray radiography, 
were also applied to detect cracks in capacitors. 
 
2.7.1 Destructive technique for detection of flex cracks in MLCCs 
Destructive technique that is used include cross-sectioning of tested MLCCs followed 
by optical microscopy. In this destructive technique, the tested assembled capacitors on 
PCBs were potted in the mixture of resin and hardener. After the potting materials 
became hard, the potted samples were cross-sectioned close to the capacitor body. Then 
the cross-section was made flat and smooth by using six different grit sizes of sand 
papers. The grit size of sand papers, which were used, include: 120, 240, 400, 600, 800, 
and 1200. The 120-grit size is the coarsest sand paper and 1200-grit size is the finest sand 
paper that is used. The grinding with sand paper was continued until it was reached the 
plane of the interest. Finally, alumina powder mixed with water over polishing equipment 
was used for final fine polishing of the surface. Then using optical microscope, the 
picture of the cross-sectioned MLCCs was obtained. The optical microscopy pictures 
were used to detect cracks or defects inside capacitors, conducting compositional and 
structural analysis of MLCCs, and finding solder fillet geometrical parameters. 
Figure 33 shows a flex crack in a cross-sectioned standard-termination MLCC with 
size 1812 and X7R dielectric manufactured by Kemet. This capacitor showed a 
capacitance drop during in-situ monitoring when tested in a four-point bend test. For 
 
 95
cracked standard-termination MLCCs, flex cracks were always found inside the capacitor 
body, passing through the dielectric and electrodes. This can lead to short circuits when 
standard-termination MLCCs fail in field applications. For all cross-sectioned samples 
listed in Table 13, it was confirmed that for those MLCCs which showed a capacitance 
drop during in-situ measurement of flex testing, there was a crack inside the capacitor 
body. For all those MLCCs which did not exhibit a capacitance drop during in-situ 
measurement, no crack was found inside the capacitor body as expected. 
Figure 34 shows a flex crack in a cross-sectioned standard-termination MLCC with 
an open mode design and size 1812 and X7R dielectric manufactured by TDK. This 
capacitor showed a capacitance drop during in-situ monitoring when tested in a four-
point bend test. For standard-termination MLCCs with open mode design, flex cracks, 
which start from an end termination at a cute angle only cross electrodes originating from 
the same termination and don’t cause shorting between opposing electrodes. Since there 
is no leakage current increase associated with a typical open-mode flex cracking there is 
no localized heating and, therefore, no chance for a catastrophic failure. 
Figure 35 shows a crack in the solder joint of a flexible-termination MLCC 
manufactured by Syfer and tested in a four point bend test. This capacitor showed 
capacitance drop during in-situ monitoring when tested in a four point bend test. The 
capacitance recovered at the end of the test, when board was brought back to no-bend 
condition. For all failed flexible-termination MLCCs, cracks were found at the interface 
of the solder joint and end-termination or in the polymer layer of the end-termination, not 
inside the capacitor body as for standard-termination MLCCs. This causes flexible-
termination MLCCs to fail in open mode, preventing catastrophic failures due to shorting 
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of a cracked capacitor in field applications. In contrast, in failed standard-termination 
MLCCs flex cracks were inside the capacitor body, allowing them to fail in short mode in 
field applications.  
Figure 36 shows a crack in the solder joint and end-termination of a flexible-
termination MLCC manufactured by AVX and tested in a four point bend test. This 
capacitor showed capacitance drop during in-situ monitoring when tested in a four point 
bend test. The capacitance recovered at the end of the test, when board was brought back 
to no-bend condition. For this failed flexible-termination MLCC, crack were found at the 
interface of the solder joint and end-termination at the bottom of the capacitor and then 
crack moved into the polymer layer of the end-termination and caused rupture of the 





Figure 33. Flex crack in a standard-termination MLCC with size 1812 and X7R dielectric 








Figure 34. Flex crack in a standard-termination MLCC with an open mode design and 





Figure 35. Crack in the solder joint of a flexible-termination MLCC manufactured by 










Figure 36. Crack in solder joint and end-termination of a flexible-termination MLCC 
manufactured by AVX and tested in a four point bend test. 
 
 






2.7.2 Non-destructive techniques for detection of flex cracks in MLCCs 
Defects in multilayer ceramic capacitors are not always detectable by electrical or 
functional testing. These defects can occur during manufacturing of MLCCs, assembly, 
handling, testing, and etc. This behavior would be indicative of a “walking-wounded” in 
field applications, because a crack or defect exists. If a defected capacitor is used in a 
field application a conductive medium, often atmospheric moisture and ionic 
contaminants, can penetrate through the crack or defect into the capacitor and cause 
leakage current of the capacitor to increase. This may also lead to the shorting of the 
opposing electrodes of the capacitor, ultimately causing catastrophic failure in 
applications such as those involving high power, in which the short circuit may initiate a 
fire. There is a need for a technique, especially a non-destructive technique, for screening 
of multilayer ceramic capacitors.  
Non-destructive testing (NDT) for screening of defective MLCCs has been an 
important objective for users of these components in high reliability applications, as well 
as for general quality control in mass production. A variety of non-destructive test 
methods have been reported, including X-ray radiography, scanning acoustic microscopy 
(SAM), scanning laser acoustic microscopy (SLAM), methanol testing, and impedance 
spectroscopy. Due to their small inter-layer spacings and large number of interfaces, 
MLCCs remain a challenge for those seeking an NDT approach to defect detection. In 
this section, two of non-destructive techniques for detection of flex cracks in MLCCs are 




2.7.2.1 X-ray radiography (two-dimensional and three-dimensional X-ray) 
Two-dimensional and three-dimensional (computed tomography scan) X-ray has been 
applied to detect flex cracks in MLCCs. Figure 37 shows two-dimensional X-ray 
radiograph of a flex cracked MLCCs. The flex crack is visible at the end-termination of 
the capacitor. Figure 38 shows three-dimensional X-ray tomography of a flex cracked 
MLCCs. By using three-dimensional X-ray tomography, different planes inside the 
capacitor body can be visualized. In Figure 38, the 3-D X-ray picture was cropped by 
software to be able to visualize the flex crack inside the capacitor body near the edge of 
the end-termination.  
For two-dimensional X-ray radiography, it is difficult to see fine cracks against the 
projection of the MLCC body; particularly challenging for MLCCs mounted on PCBs 
with multiple layers and many neighboring components. Three-dimensional X-ray is 
time-consuming for a large number of samples and it may be difficult to rotate sample if 
mounted on a PCB with large components near the MLCC. 
 
 





Figure 38. Three-dimensional X-ray tomography of a flex cracked MLCCs. 
 
2.7.2.2 Impedance spectroscopy 
Barium titanate (BaTiO3) is used as a dielectric material in multilayer ceramic 
capacitors. Barium titanate is a piezoelectric material. Due to piezoelectricity of the 
dielectric material, MLCCs exhibit electromechanical resonances under the influence of a 
DC bias field. Resonances associated with the length, width, and thickness of the 
capacitor can be identified using impedance spectroscopy. 
Measurements of the capacitor impedance as a function of frequency for good and 
defective MLCCs under DC bias allow us to detect defects inside MLCCs. Figure 39 
compares the impedance spectrum of a cracked MLCC with an MLCC without crack. 
There are three resonances associated with the length, width, and thickness of the 
capacitor. MLCCs mounted on a PCB exhibit damping of resonance peaks. The cracked 




capacitor exhibits a length resonance with reduced amplitude. Ability to detect defects 
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Figure 39. Comparison of the impedance spectrum of a cracked MLCC with an MLCC 
without crack. 
 
2.8 Conclusions and summary 
Experiments were conducted to investigate the effects of different parameters on the 
flex cracking susceptibility of multilayer ceramic capacitors assembled on PCBs. The 
design of experiments included MLCCs assembled with lead-free solder (Sn3.0Ag0.5Cu) 
and eutectic tin-lead solder (Sn37Pb), two different sizes (1812 and 0805), two different 
dielectric materials (C0G and X7R), two end-termination types (standard termination and 
flexible termination), two solder assembly processes (convective reflow soldering and 
wave soldering), and different manufacturers.  PCBs were flexed using a four-point bend 
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test, during which the strain on the board and the capacitance of each MLCC were 
monitored in order to determine the strain-to-failure. In-situ capacitance measurement 
provided data on the strain-to-failure. For some failed capacitors, the capacitance 
recovered after removal of flexure. This behavior could allow an electronic assembly 
containing a cracked capacitor to pass electrical functional tests, and enter the application 
environment as a “walking-wounded” part. Eventually, this could lead to a field failure 
and possibly a fire. 
Experimental results showed that MLCCs assembled with lead-free solder are less 
susceptible to flex cracking compared to MLCCs assembled with eutectic tin-lead solder. 
This was the trend for all manufacturers included in this study. The discussion provides 
two factors which make capacitors assembled with lead-free solder less susceptible to 
flex cracking: the lower tensile stresses which are a result of the differing elastic-plastic 
mechanical properties of the solder, and the higher residual compressive stresses inside 
the capacitor body after the solder assembly cool down process, which are a result of the 
higher solidification temperature for lead-free solder. 
Cooling of a capacitor after solder reflow assembly places the capacitor under 
compressive stress.  Because for a higher-melting solder, cooling of assembled capacitors 
places capacitors under greater compressive stress, a capacitor assembled with a higher-
melting solder should require more bending stress to crack. Since the solidus temperature 
for Sn3.0Ag0.5Cu lead-free solder (about 217°C) is higher than that for eutectic tin-lead 
solder (183°C), lead-free solder places more residual compressive stresses on a capacitor 
after assembly than tin-lead solder. Therefore, capacitors assembled with lead-free solder 
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should require more applied bending stress to crack than those assembled with tin-lead 
solder. 
Finite element analysis (FEA) was conducted of ceramic capacitors under PCB 
flexure in a four-point bend configuration. Comparison of the FEA results of MLCCs 
assembled with lead-free and tin-lead solder showed that the maximum stress inside the 
capacitor for an MLCC assembled with tin-lead solder is higher than lead-free solder. 
Flex cracking is the result of tensile stresses inside the capacitor body exceeding the 
fracture strength of the ceramic. However, there are residual compressive stresses inside 
the capacitor body after the solder assembly cool down process, which mitigate the 
tensile stresses generated by PCB bending. These residual compressive stresses are 
higher for MLCCs assembled with lead-free solder than for MLCCs assembled with tin-
lead solder. Therefore, greater PCB deflection is required for MLCCs assembled with 
lead-free solder for the tensile stresses to reach the ceramic fracture strength, in order to 
overcome the higher residual compressive stress. If bending produces a net tensile stress 
greater than the fracture strength of the dielectric, a crack will initiate at the bottom of the 
capacitor at the edge of the end termination. 
MLCCs with C0G dielectric had the lowest susceptibility to flex cracking.  No 
failures of C0G capacitors were detected within the range of deflections investigated. 
This result is attributed to the higher fracture toughness of C0G compared to X7R. 
Unfortunately, MLCCs with C0G dielectric (EIA Class I) have several drawbacks 
including higher price and narrow capacitance range. For example, 1812 size capacitors 
with C0G dielectric are almost twice as expensive as those with X7R dielectric. In 
addition, the maximum capacitance values for which C0G MLCCs are available are 
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much lower than those for Class II and III dielectrics, since the dielectric constant of C0G 
dielectric is significantly lower. 
Comparison of flex test results for 1812 and 0805 size MLCCs showed that larger 
MLCCs are more susceptible to flex cracking. It is therefore highly recommended to use 
smaller size MLCCs in situations where similar capacitance and rated voltage MLCCs 
are available, to decrease flex cracking failures, cost and real estate. 
Comparison of flex test results of 0805 size standard-termination MLCCs assembled 
with convective reflow soldering and wave soldering showed similar results. The analysis 
of flex test results showed that the 95% confidence intervals for MLCCs assembled with 
reflow and wave soldering overlap. 
MLCCs with flexible terminations exhibited much more resistance to flex cracking in 
comparison to standard-termination MLCCs assembled with both lead-free and tin-lead 
solders. Flexible-termination MLCCs assembled with lead-free solder did not show any 
failures up to the level of strain used for testing standard-termination MLCCs. Flexible-
termination MLCCs assembled with tin-lead solder showed maximum two failures out of 
48 samples tested.  Flex cracks in failed flexible-termination MLCCs were found to be at 
the interface between solder joint and end-termination or in the polymer layer of the end-
termination, causing them to fail in open mode in field applications. In contrast, in failed 
standard-termination MLCCs flex cracks were inside the capacitor body, allowing them 
to fail in short mode in field applications. For standard-termination MLCCs with open 
mode design, flex cracks, which start from an end termination at a cute angle only cross 




In order to study the effects of isothermal aging on flex cracking susceptibility of 
MLCCs, they were aged at high temperature and then tested in a four point bend 
configuration.  Experiments were performed to compare the flex cracking susceptibility 
of standard- and flexible-termination MLCCs assembled with lead-free solder 
(Sn3.0Ag0.5Cu) and eutectic tin-lead solder (Sn37Pb), tested without aging or after aging 
at 100°C or 150°C for 200 hours.   
Isothermal aging had much less effect on flex cracking susceptibility of MLCCs 
assembled with tin-lead solder in comparison with those assembled with lead-free solder. 
Aging of MLCCs at elevated temperature causes the solder alloy to creep and reduces the 
amount of residual compressive stress in MLCCs, especially in the case of lead-free 
solder when aging is performed at higher temperatures (e.g., 150°C). As a result of the 
reduction of compressive stresses, a higher cumulative percent failure was obtained 
during flex testing of MLCCs assembled with lead-free solder and aged at 150°C in 
comparison to un-aged samples. Stress relaxation of the solder, produced by aging the 
lead-free and tin-lead assemblies for 200 hours at 150°C, partially reduced the difference 
in flex cracking between the two assemblies, as one would expect from a reduction in the 
residual compressive stresses.  
It is concluded from flex test results of aged MLCCs that even though assembly with 
lead-free solder reduces the susceptibility to flex cracking, applications for which PCBs 
may be stored or used at high temperatures for an extended time may increase the risk of 




Table 18 summarizes the effect of different parameters on the flex cracking of 
MLCCs, based on finding of this study. It includes the effect of end-termination, 
dielectric type, capacitor size, solder material, and solder assembly process. For each 
parameter different types, which were studied in this work, were compared. In the last 
column of Table 18, limitations for the type that exhibited more reliable results in flex 
testing were listed. This table can help in choosing a more reliable MLCC against flex 




Table 18. Summary of the effect of different parameters on flex cracking susceptibility of 
MLCCs. 
Parameter Types studied 
Comparison of 





Flexible termination vs. 
standard termination 
Flexible termination 
more reliable than 
standard termination 
Flexible-termination MLCCs:  
1) Higher failures in THB for 
PME flexible-termination MLCCs 
2) Higher cost 
3) Limited availability and 
limited manufacturers (new 
technology) 
Dielectric 
C0G (Class I: based on 
neodymium titanium 
oxide ) vs. X7R (Class II: 
based on barium titanate) 
C0G more reliable than 
X7R 
MLCCs with C0G dielectric: 
1) Not available in high 
capacitance value (smaller 
dielectric constant for C0G) 
2) Higher cost 
Capacitor 
size 
0805 vs. 1812 
Smaller size more 
reliable than larger size 
Small size MLCCs: 
1) Not available in high 
capacitance value 






eutectic tin-lead (Sn37Pb) 
MLCCs assembled with 
lead-free solder more 
reliable than MLCCs 
assembled with tin-lead 
solder 
MLCCs assembled with lead-free 
solder: 
Increased susceptibility to flex 
cracking due to aging at high 
temperature (150°C) (still less 
susceptible to flex cracking than 






soldering vs. wave 
soldering 
Similar results between 
convective reflow 
soldering and wave 
soldering 
Wave soldering:  





3 Temperature-humidity-bias testing of multilayer ceramic capacitors 
with standard and flexible terminations 
In this section, effects of temperature-humidity-bias (THB) on electrical parameters 
of multilayer ceramic capacitors with both flexible and standard termination are 
investigated. There is no published data available of temperature-humidity-bias testing 
for the new technology flexible-termination MLCCs. Users of this new technology have 
the concern that long term exposure to moisture cause failure or electrical degradation in 
flexible-termination MLCCs. In addition, temperature-humidity-bias effects on MLCCs 
made of precious metal electrode (Ag-Pd) are compared with MLCCs made of base metal 
electrodes (Ni). 
MLCCs can be either precious metal electrode (PME) capacitors or base metal 
electrode (BME) capacitors. In PME capacitors, electrodes are made of silver-palladium 
and in BME capacitors, electrodes are made of nickel. MLCCs made of precious metal 
electrodes (Ag-Pd) are prone to silver migration failure. Silver migration failure of 
MLCCs is divided into three steps. Step one is the formation of a microscopic path 
between internal electrodes. This path can be a crack or void which occurs during 
manufacturing, assembly, or in the application field during life of the ceramic capacitors. 
Step two involves penetration or existence of moisture and contaminants, such as 
chlorine ions, into the path. The final step is the silver migration of the electrode 
materials along the path by an electrochemical process. As a consequence of this, the 




3.1 Experimental procedure 
In order to study effects of temperature-humidity-bias on electrical parameters of 
multilayer ceramic capacitors, PCBs were designed and built using FR4 material. On 
each PCB, 24 capacitors were assembled by convective reflow soldering using 
Sn3.0Ag0.5Cu lead-free solder. MLCCs with both standard terminations and flexible 
terminations were considered in our experimental design. Table 19 shows sample matrix 
of MLCCs used in temperature-humidity-bias testing. Four MLCC types were 
considered, two of them are flexible-termination MLCCs and two of them are standard-
termination MLCCs. For both end-termination types, MLCCs with precious metal 
electrodes (PME) made of silver-palladium and MLCCs with base metal electrodes 
(BME) made of nickel were considered. Manufacturers of MLCCs used in THB testing 
are AVX, Syfer, and Vishay. All MLCCs are made of X7R dielectric (EIA class II [6]), 
which main dielectric material is barium titanate (BaTiO3) and all of them are 1812 size. 
 














1 Flexible PME Syfer 0.1 0.025 
2 Flexible BME AVX 0.22 0.025 
3 Standard BME AVX 0.1 0.025 




Figure 40 shows the flow chart of the experimental procedure. The experimental 
procedure has three main steps, which are conducted in a consecutive manner: 1) 
temperature cycling, 2) temperature-humidity-bias testing, and 3) baking. MLCCs were 
first preconditioned with 20 temperature cycles from -55°C to 125°C. Preconditioning 
included temperature cycling with two different ramp rates, normal temperature cycling 
with ramp rate of 5°C/minute, and rapid temperature cycling with ramp rate of 
50°C/minute. For both kinds of temperature cycling, dwell time was 15 minutes at high 
and low temperature. In second step, MLCCs were exposed to constant temperature-
humidity-bias for 1240 hours. Table 20 shows conditions of temperature-humidity-bias 
testing of MLCCs. Two environmental conditions were considered, temperature and 
humidity together (85°C/85% RH) and dry heat (85°C). For each capacitor type, three 
levels of D.C. voltage bias were considered during testing, rated voltage (50 V), low 
voltage (1.5 V), and no voltage (0 V). Table 20 also shows test sample size for each 
condition per each capacitor type that is given in Table 19. Finally, for those set of 
MLCCs, which were tested in 85°C/85% RH, after exposure to temperature-humidity-








Applied D.C. voltage 
bias during testing 
Number of 
samples for each 
capacitor type 
given in Table 19 
Rated voltage (50 V) 10 
Low voltage (1.5 V) 10 
Normal temperature 
cycling 
(Ramp rate 5°C/min.) No voltage (0 V) 4 
Rated voltage (50 V) 10 
Low voltage (1.5 V) 10 
85°C/85% RH 
(1240 hours) Rapid temperature 
cycling 
(Ramp rate 50°C/min.) No voltage (0 V) 4 
Rated voltage (50 V) 10 











Figure 40. Flow chart of experimental procedure. 
 
Three electrical parameters of capacitors, including, insulation resistance (I.R.), 
capacitance (C), and dissipation factor (D.F.) were monitored in-situ during THB testing. 
In addition, as shown in the flow chart of Figure 40, electrical parameters of capacitors 
were monitored at room temperature before and after each step. Figure 41 shows 
electrical circuit used for biasing capacitors during THB testing and measurement of 
electrical parameters of MLCCs. An LCR meter was used to measure capacitance and 
dissipation factor. They were measured at frequency of 1 KHz and AC voltage of 1 
Vrms, according to manufacturer’s datasheet of tested MLCCs. A high resistance meter 
was used to measure insulation resistance. Insulation resistance for all MLCCs was 
measured at rated voltage (50 V) after charge time of two minutes, according to 
Measurement of electrical parameters at room temperature 
Step 1: Temperature cycling (preconditioning) 
Measurement of electrical parameters at room temperature 
Step 2: Temperature-humidity-bias testing with in-situ 
measurement of electrical parameters 
Measurement of electrical parameters at room temperature 
Step 3: Baking at 85°C for 24 hours 
Measurement of electrical parameters at room temperature 
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manufacturer’s datasheet [71]. In this setup, 96 capacitors were tested together and 
electrical parameters for each capacitor were monitored once in 200 minutes. In order to 
limit leakage current in case of capacitor shorting during THB testing, resistors with 
value of 1 MΩ were used in series with each capacitor. A Labview program was 




Figure 41. Electrical circuit used for biasing and measurement of electrical parameters of 
MLCCs during temperature-humidity-bias testing. 
3.2 Experimental results 
In this section, results of electrical parameters measurements during THB testing are 
presented. Three electrical parameters of MLCCs, including, insulation resistance (I.R.), 
capacitance (C), and dissipation factor (D.F.) were monitored in-situ during THB testing. 
R = 1 MΩ 
DC power supply 
High resistance meter 
LCR meter 







C96 Inside chamber 





By defining the failure criterion for each of these electrical parameters, number of 
failures for each condition per each capacitor type is determined. 
 
3.2.1 Experimental results of THB testing (85°C/85% RH) of MLCCs 
preconditioned with normal temperature cycling 
In this section, results of electrical parameters measurements during testing in 
85°C/85% RH for MLCCs preconditioned with normal temperature cycling with ramp 
rate of 5°C/min are presented. Figure 42 shows an example of the in-situ insulation 
resistance measurements of a flexible-termination MLCC with precious metal electrodes 
during testing in 85°C/85% RH and 50 V bias preconditioned with normal temperature 
cycling. The failure criterion for insulation resistance (I.R.) was defined as an I.R. drop to 
less than 107 Ω during THB testing and having at least 5 occurrences of I.R. value less 
than 107 Ω. For this MLCC, insulation resistance after 850 hours of testing in 85°C/85% 
RH drops to a value close to 1 MΩ, which is the value of the series resistor used in 
experimental circuit and does not recover after dropping to close to 1 MΩ.  
Figure 43 shows the in-situ measurements of the capacitance for the same MLCC, 
which its I.R. value shown in Figure 42. The failure criterion for capacitance (C) was 
defined as the absolute value of capacitance change during THB testing relative to initial 
measurements to be greater than 10% and having at least 5 occurrences during testing. 
For this MLCC, an increase in capacitance value at 850 hours, which showed I.R. drop to 
a value close to 1 MΩ, is observed and after this instabilities can be observed in 
capacitance value. However, the changes in capacitance where within ±10% of the initial 





















Failure criterion: I.R. < 107 Ω
Figure 44 shows the in-situ measurements of the dissipation factor for the same 
MLCC, which its I.R. value shown in Figure 42. The failure criterion for dissipation 
factor (D.F.) was defined as D.F. increase to greater than two times the nominal value 
and having at least 5 occurrences during testing. The nominal value for dissipation factor 
according to manufacturer’s datasheet for all capacitors used in this study was 0.025. For 
this MLCC, an increase in dissipation factor value at 850 hours, which showed I.R. drop, 
was observed and later it showed intermittent values higher than failure criterion (0.05) 
and was considered as failure in dissipation factor. 
Figure 42. Insulation resistance of a flexible-termination MLCC with precious metal 






















Figure 43. Capacitance of a flexible-termination MLCC with precious metal electrodes 























Figure 44. Dissipation factor of a flexible-termination MLCC with precious metal 
electrodes during testing in 85°C/85% RH biased at 50 V preconditioned with normal 
temperature cycling. 
 
Figure 45 shows the in-situ insulation resistance measurements of a standard-
termination MLCC with precious metal electrodes during testing in 85°C/85% RH with 
normal temperature cycling preconditioning and no voltage bias applied during testing. 
For this MLCC, insulation resistance shows a lot of intermittent failures and I.R. drops to 
less than failure criterion value (107 Ω). However, measurement at room temperature 
after 85°C/85% RH testing showed that I.R. value was recovered and it is not a 
permanent failure. 
For all MLCCs, during in-situ measurement of insulation resistance, rated DC voltage 
(50 V) was applied for 120 seconds per each measurement. The rated DC voltage was 
Failure criterion: D.F. > 0.05
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applied for measurement of insulation of those MLCCs with no DC voltage bias too. 
During 1240 hours of testing in 85°C/85% RH condition, about 360 measurements of 
insulation resistance for each capacitor was conducted. Therefore, for these MLCCs with 
no bias, totally 12 hours rated DC bias was applied.  
Figure 46 shows the in-situ capacitance measurement and Figure 47 shows the in-situ 
dissipation factor for the same MLCC, which its I.R. value shown in Figure 45. Although 
this capacitor shows failure in insulation resistance, it did not fail in capacitance and 
dissipation factor values. Capacitance of this capacitor shows aging over time but still 





















Figure 45. Insulation resistance of a standard-termination MLCC with precious metal 
electrodes during testing in 85°C/85% RH with no bias preconditioned with normal 
temperature cycling. 
 






















Figure 46. Capacitance of a standard-termination MLCC with precious metal electrodes 



























Figure 47. Dissipation factor of a standard-termination MLCC with precious metal 
electrodes during testing in 85°C/85% RH with no bias preconditioned with normal 
temperature cycling. 
 
Figure 48 shows insulation resistance values of a flexible-termination MLCC with 
base metal electrodes during testing in 85°C/85% RH biased at 50 V preconditioned with 
normal temperature cycling. It is observed that insulation resistance of this capacitor does 
not drop during 1240 hours testing in  85°C/85% RH biased at 50 V and it is stable. In 
contrast to the MLCCs with precious metal electrodes, none of the MLCCs with base 



























Figure 48. Insulation resistance of a flexible-termination MLCC with base metal 
electrodes during testing in 85°C/85% RH biased at 50 V preconditioned with normal 
temperature cycling. 
 
Table 21 shows number of failures in MLCCs in 85°C/85% RH testing 
preconditioned with normal temperature cycling. All failures were found to be in MLCCs 
with precious metal electrodes made of silver-palladium and MLCCs with base metal 
electrodes made of nickel did not exhibit any failure. Flexible-termination MLCCs with 
precious metal electrodes biased showed the highest failure ratio among all tested 
MLCCs and 6 out of 10 samples failed during 85°C/85% RH testing based on in-situ 
measurements of the insulation resistance.  
Table 22 shows the time-to-failure for failed MLCCs in 85°C/85% RH testing 
preconditioned with normal temperature cycling. The time-to-failure for each electrical 
Failure criterion: I.R. < 107 Ω
 
 125
parameter (insulation resistance, capacitance, and dissipation factor) is given separately. 
It is shown in Table 22 that some capacitors which failed in insulation resistance, they did 
not fail in capacitance and dissipation factor. However, all capacitors which exhibited 
failure in capacitance or dissipation factor, also exhibited failure in insulation resistance.  
Although in-situ measurements during 85°C/85%RH testing of MLCCs 
preconditioned with normal temperature cycling indicated failures in insulation resistance 
of 10 MLCCs out of 96 samples, measurements at room temperature after 85°C/85%RH 
test completion showed only four MLCCs had I.R. less than 107 Ω. All of these MLCCs, 
which had I.R. less than 107 Ω at room temperature after testing, were flexible-
termination MLCCs with precious metal electrodes biased at 50 V during testing. 
Measurements at room temperature after baking for 24 hours at 85°C showed that only 




Table 21. Number of failures in MLCCs in 85°C/85% RH testing preconditioned with 




















50 10 5 1 3 
1.5 10    Syfer Flexible PME 
0 4 1   
50 10    
1.5 10    AVX Flexible BME 
0 4    
50 10    
1.5 10    AVX Standard BME 
0 4    
50 10    
1.5 10    Vishay Standard PME 
0 4 4   




Table 22.Time-to-failure for MLCCs in 85°C/85% RH testing preconditioned with 





















218 714 298 
318   
856  856 
856  889 
Syfer Flexible PME 50 10 
962   
Syfer Flexible PME 0 4 21   
58   
258   
501   
Vishay Standard PME 0 4 
853   
 
3.2.2 Experimental results of THB testing (85°C/85% RH) of MLCCs 
preconditioned with rapid temperature cycling 
In this section, results of electrical parameters measurements during testing in 
85°C/85% RH for MLCCs preconditioned with rapid temperature cycling with ramp rate 
of 50°C/min are presented. Figure 49 shows an example of the in-situ insulation 
resistance measurements of a flexible-termination MLCC with precious metal electrodes 
during testing in 85°C/85% RH and 50 V bias preconditioned with rapid temperature 
cycling. For this MLCC, insulation resistance after 230 hours of testing in 85°C/85% RH 
drops to a value close to 1 MΩ, which is the value of the series resistor used in 
experimental circuit and does not recover after dropping to close to 1 MΩ. Based on the 
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definition of the failure criterion for insulation resistance (I.R. < 107 Ω), this capacitor 
was failed in insulation resistance.  
Figure 50 shows the in-situ measurements of the capacitance for the same MLCC, 
which its I.R. value shown in Figure 49. The failure criterion for capacitance (C) was 
defined as the absolute value of capacitance change during THB testing relative to initial 
measurements to be greater than 10% and having at least 5 occurrences during testing. 
For this MLCC, an increase in capacitance value at 230 hours, which showed I.R. drop to 
a value close to 1 MΩ, is observed and after this instabilities can be observed in 
capacitance value. However, the changes in capacitance where within ±10% of the initial 
value and it is not considered as a failure in capacitance.  
Figure 51 shows the in-situ measurements of the dissipation factor for the same 
MLCC, which its I.R. value shown in Figure 49. The failure criterion for dissipation 
factor (D.F.) was defined as D.F. increase to greater than two times the nominal value 
and having at least 5 occurrences during testing. For this MLCC, an increase in 
dissipation factor value at around 230 hours, which showed I.R. drop, was observed. 
Later it shows intermittent values higher than failure criterion (0.05) and finally the 
dissipation factor value was increased to higher than failure criterion value.  This 
capacitor was considered as a failure in dissipation factor based on definition of failure 
























Figure 49. Insulation resistance of a flexible-termination MLCC with precious metal 
electrodes during testing in 85°C/85% RH biased at 50 V preconditioned with rapid 
temperature cycling. 
 





















Figure 50. Capacitance of a flexible-termination MLCC with precious metal electrodes 



























Figure 51. Dissipation factor of a flexible-termination MLCC with precious metal 
electrodes during testing in 85°C/85% RH biased at 50 V preconditioned with rapid 
temperature cycling. 
 
Table 23 shows number of failures in MLCCs in 85°C/85% RH testing 
preconditioned with rapid temperature cycling. All failures were found to be in MLCCs 
with precious metal electrodes and MLCCs with base metal electrodes did not exhibit any 
failure. These results are consistent with what it was obtained for MLCCs tested in 
85°C/85% RH preconditioned with normal temperature cycling. Flexible-termination 
MLCCs with precious metal electrodes exhibited three failures out of 24 samples during 
85°C/85% RH testing based on in-situ measurements of the insulation resistance. 
Standard-termination MLCCs with precious metal electrodes with no bias showed two 
failures out of four samples tested. Only two MLCCs out of 96 samples total exhibited 
Failure criterion: D.F. > 0.05
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failure in dissipation factor and none of the MLCCs exhibited failure in capacitance 
values. 
Table 24 shows the time-to-failure for failed MLCCs in 85°C/85% RH testing 
preconditioned with rapid temperature cycling. The time-to-failure for each electrical 
parameter (insulation resistance, capacitance, and dissipation factor) is given separately. 
It is shown in Table 22 that some capacitors which failed in insulation resistance, they did 
not fail in capacitance or dissipation factor. However, all capacitors which exhibited 
failure in dissipation factor, also exhibited failure in insulation resistance.  
Although in-situ measurements during 85°C/85%RH testing of MLCCs 
preconditioned with rapid temperature cycling indicated failures in insulation resistance 
of 5 MLCCs out of 96 samples, measurements at room temperature after 85°C/85%RH 
test completion showed only three MLCCs had I.R. less than 107 Ω. All of these MLCCs, 
which had I.R. less than 107 Ω at room temperature after testing, were flexible-
termination MLCCs with precious metal electrodes, two of them biased at 50 V and one 
of them biased at 1.5 V during testing. Measurements at room temperature after baking 
for 24 hours at 85°C showed that only the same three MLCCs had I.R. less than 107 Ω 
and baking at 85°C did not recover these failed MLCCs. These results are similar with 






Table 23. Number of failures in MLCCs in 85°C/85% RH testing preconditioned with 




















50 10 2  1 
1.5 10 1   Syfer Flexible PME 
0 4    
50 10    
1.5 10    AVX Flexible BME 
0 4    
50 10    
1.5 10    AVX Standard BME 
0 4    
50 10    
1.5 10    Vishay Standard PME 
0 4 2  1 
   Sum 96 5 0 2 
 
Table 24.Time-to-failure for MLCCs in 85°C/85% RH testing preconditioned with rapid 





















228  238 
Syfer Flexible PME 50 10 
1179   
Syfer Flexible PME 1.5 10 1123   
112   
Vishay Standard PME 0 4 




3.2.3 Experimental results of dry heat testing (85°C) of MLCCs preconditioned 
with normal temperature cycling 
Accelerated testing of MLCCs in dry heat environment (85°C) for the similar 
MLCCs, which were tested in temperature-humidity environment (85°C/85% RH) was 
conducted to separate the effects of moisture on MLCCs failures. MLCCs were 
preconditioned with normal temperature cycling and then they were tested at 85°C for 
1240 hours, the same duration that were tested in 85°C/85% RH condition. 
Electrical parameters (insulation resistance, capacitance, and dissipation factor) were 
measured in-situ during testing. MLCCs exhibited no failure in all three electrical 
parameters during testing at 85°C, in contrast to MLCCs, which were tested in 
temperature-humidity environment (85°C/85% RH). It is concluded that the presence of 
the moisture is necessary in order to have failure in precious metal electrode MLCCs. All 
failures during testing at temperature-humidity (85°C/85% RH) under voltage bias were 
in MLCCs with precious metal electrodes (Ag-Pd), with no failures in MLCCs with base 
metal electrodes (Ni). Silver migration was hypothesized to be the failure mechanism of 
MLCCs in THB testing, since none of the base metal electrode MLCCs exhibited failure. 
Figure 52 shows the capacitance of a flexible-termination MLCC with precious metal 
electrodes during testing in 85°C biased at 50 V preconditioned with normal temperature 
cycling. It shows that the capacitance decreased with test time and it is due to aging, 
which is a known phenomenon for Class II ceramic dielectric. However, the capacitance 
value still remains within ±10% of the initial value of the capacitance, which was defined 
as the failure criterion for capacitance in this study. Therefore, this capacitor does not 
exhibit a failure in capacitance. In fact, as it was mentioned earlier, none of the standard- 
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and flexible-termination MLCCs tested in dry heat condition exhibited failure for 
























Figure 52. Capacitance of a flexible-termination MLCC with precious metal electrodes 
during testing in 85°C biased at 50 V preconditioned with normal temperature cycling. 
 
3.3 Compositional and constructional analysis of THB-tested MLCCs 
Compositional analysis for dielectric, electrodes, and end-terminations of MLCCs 
used in THB testing was conducted. MLCCs were cross-sectioned and by using 
environmental scanning electron microscopy (E-SEM) combined energy dispersive X-ray 
spectroscopy (EDX) materials and structure of MLCCs were identified.  
Four MLCC types were considered in THB testing, two of them are flexible-
termination MLCCs and two of them are standard-termination MLCCs. For both end-
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termination types, MLCCs with precious metal electrodes (PME) made of silver-
palladium and MLCCs with base metal electrodes (BME) made of nickel were 
considered. Flexible-termination MLCCs manufactured by AVX are made of nickel 
electrodes (BME) and flexible-termination MLCCs manufactured by Syfer are made of 
silver-palladium electrodes (PME). Standard-termination MLCCs manufactured by AVX 
are made of nickel electrodes and standard-termination MLCCs manufactured by Vishay 
are made of silver-palladium electrodes. All MLCCs used in THB testing are made of 
X7R dielectric (EIA class II [6]), which main dielectric material is barium titanate 
(BaTiO3). Table 17 in previous section summarizes compositional analysis of MLCCs 
with standard and flexible terminations. 
Figure 53 shows the EDX mapping of the end-termination for an 1812 size flexible-
termination MLCC manufactured by AVX. MLCCs with flexible terminations from 
AVX are comprised of a conductive polymer in their end-termination. The conductive 
polymer used in the end-termination is a silver-loaded epoxy. Epoxy is a thermoset 
material that cures through the addition of heat to a stronger form by a cross-linking 
process. Thermoplastic materials melt to a liquid form when heated and are not suitable 
to be used in the end-termination of MLCCs. The conductive epoxy coats a copper 
termination, and is then plated with nickel and tin. Therefore, the copper layer acts as a 
barrier layer between silver-loaded epoxy and the capacitor body and prevents 
electrochemical migration of silver into the capacitor body. In addition, internal 
electrodes in flexible-termination MLCCs manufactured by AVX are made of nickel. 
Therefore, for flexible-termination MLCCs from AVX the chance of reduction in 
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insulation resistance and potentially shorting of internal electrodes due to silver migration 
failure is very low. 
Syfer produces MLCCs with flexible terminations and precious metal electrodes. 
Figure 54 shows the EDX mapping of the end-termination of a flexible-termination 
MLCC manufactured by Syfer. Flexible-termination MLCCs from Syfer contain silver 
loaded epoxy in end terminations plated with nickel and tin. In contrast to the end-
termination structure of the flexible-termination MLCCs from AVX, no copper layer 
exist between the epoxy layer and the capacitor body in the end-termination of the 
flexible-termination MLCCs from Syfer and the silver-loaded epoxy is directly attached 
to the capacitor body. The internal electrodes of the flexible-termination MLCCs from 
Syfer are made of silver-palladium, while flexible-termination MLCCs from AVX are 
made of nickel electrodes. The construction of the flexible-termination MLCCs from 
Syfer presents a potential risk of silver migration under bias and humidity, due to 
presence of silver in the internal electrodes and end-terminations. 
Ceramic materials used as a dielectric in MLCCs are hydrophilic materials. 
Hydrophilicity is a physical property of a molecule that can transiently bond with water 
(H2O) through hydrogen bonding. A hydrophilic molecule or portion of a molecule is one 
that is typically charge-polarized and capable of hydrogen bonding, enabling it to 
dissolve more readily in water than in oil or other hydrophobic solvents. Hydrophilic and 
hydrophobic molecules are also known as polar molecules and nonpolar molecules, 
respectively. Hydrophobe in chemistry refers to the physical property of a molecule that 
is repelled from a mass of water. Hydrophobic molecules tend to be nonpolar and thus 
prefer other neutral molecules and nonpolar solvents. Water on hydrophobic surfaces will 
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exhibit a high contact angle. Examples of hydrophobic molecules include the alkanes, 
oils, fats, and greasy substances in general. Hydrophobes are not electrically polarized 
[72] [73].  
Since the ceramic dielectric is a hydrophilic material, if there is any crack or defect in 
the ceramic body of the capacitor exposed to outside surface of capacitor could be a path 
for moisture and contaminant penetration. The penetration of moisture between internal 
electrodes of the capacitor causes insulation resistance to be decreased. In PME 
capacitors, which are made of silver-palladium electrodes, penetration of moisture and 
contaminants, and application of DC voltage bias could lead to silver migration between 





Figure 53. EDX mapping of the end-termination of a flexible-termination MLCC 
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manufactured by AVX. 
Figure 54. EDX mapping of the end-termination of a flexible-termination MLCC 
manufactured by Syfer. 
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3.4 Conclusions and summary 
In this study, effects of temperature-humidity-bias (THB) on electrical parameters of 
multilayer ceramic capacitors with both flexible and standard terminations were 
investigated. There is no published data available for temperature-humidity-bias testing 
of the new technology flexible-termination MLCCs. Users of this new technology have 
the concern that long term exposure to moisture cause failure or electrical degradation in 
flexible-termination MLCCs. In addition, temperature-humidity-bias effects on electrical 
parameters of MLCCs made of precious metal electrode (Ag-Pd) are compared with 
MLCCs made of base metal electrodes (Ni).  
Some of the flexible-termination MLCCs are made of precious metal electrodes 
(silver-palladium) and contain silver-filled epoxy in their end terminations. This 
construction presents a potential risk of silver migration under bias and high humidity 
conditions. Accelerated environmental stress tests were conducted to compare electrical 
degradation of flexible-termination MLCCs due to environmental stresses and bias with 
standard-termination MLCCs. 
Sensitivity of flexible-termination MLCCs to temperature, humidity, and bias were 
compared and explained in comparison with standard-termination MLCCs tested in two 
environmental stress conditions: temperature-humidity (85°C/85% RH) and dry 
temperature (85°C). The effects of different DC voltages (low voltage, rated voltage, and 
no voltage), electrode materials (BME vs. PME), and preconditioning (normal 
temperature cycling vs. rapid temperature cycling) were determined for flexible-and 
standard-termination MLCCs. Failures of MLCCs in temperature-humidity-bias testing 
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were explained and related to the structure, materials of the tested MLCCs and 
environmental conditions.  
All failures during testing at temperature-humidity (85°C/85% RH) under different 
voltage biases were in MLCCs with precious metal electrodes (Ag-Pd), with no failures 
in MLCCs with base metal electrodes (Ni). MLCCs preconditioned with normal 
temperature cycling showed similar results with MLCCs preconditioned with rapid 
temperature cycling. Silver migration was hypothesized to be the failure mechanism of 
MLCCs in THB testing, since none of the base metal electrode MLCCs exhibited failure. 
Accelerated testing of similar MLCCs at dry heat condition (85°C) for the same duration 
that were tested in temperature-humidity (85°C/85% RH) conditions exhibited no failure 
in all electrical parameters. It is concluded that the presence of the moisture is necessary 
in order to have failure in precious metal electrode MLCCs. 
Silver migration failure of MLCCs is divided into three steps. Step one is the 
formation of a microscopic path between internal electrodes. This path can be a crack or 
void which occurs during manufacturing, assembly, or in the application field during life 
of the ceramic capacitors. Step two involves penetration of moisture into the path. The 
final step is the silver migration of electrode materials along the path by an 
electrochemical process. As a consequence of this, the leakage current of the ceramic 
capacitor increases and causes the capacitor to fail. 
By using energy dispersive X-ray spectroscopy (EDX) combined with E-SEM, 
compositional and structural analysis of tested MLCCs was conducted. The EDX 
mapping of the end-termination for flexible-termination MLCCs manufactured by AVX 
exhibited that the conductive polymer used in the end-termination is a silver-loaded 
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polymer. The conductive polymer coats a copper termination, and is then plated with 
nickel and tin. Therefore, the copper layer acts as a barrier layer between silver-loaded 
epoxy and the capacitor body and prevents electrochemical migration of silver into the 
capacitor body. In addition, internal electrodes in flexible-termination MLCCs 
manufactured by AVX are made of nickel. Therefore, for flexible-termination MLCCs 
from AVX the chance of reduction in insulation resistance and potentially shorting of 
internal electrodes due to silver migration failure is very low, as it was found in the 
experiments. 
EDX mapping showed that the internal electrodes of the flexible-termination MLCCs 
from Syfer are made of silver-palladium. Flexible-termination MLCCs from Syfer 
contain silver loaded epoxy in end terminations plated with nickel and tin. In contrast to 
the end-termination structure of the flexible-termination MLCCs from AVX, no copper 
layer exist between the epoxy layer and the capacitor body in the end-termination of the 
flexible-termination MLCCs from Syfer and the silver-loaded epoxy is directly attached 
to the capacitor body. The construction of the flexible-termination MLCCs from Syfer 
presents a potential risk of silver migration under bias and humidity, due to presence of 
silver in the internal electrodes and end-terminations. In the experiments in temperature-
humidity-bias conditions, flexible-termination MLCCs with precious metal electrodes 
showed the highest failure ratio among all tested MLCCs. Only flexible-termination 
MLCCs with precious metal electrodes, showed failure at room temperature after THB 
testing and they did not recover even after baking them at high temperature (85°C) for 
one day. This confirms that a permanent leakage path inside the capacitor must exist and 
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it is consistent with the hypothesis of silver migration as failure mechanism of PME 
MLCCs. 
In manufacturers’ qualification testing of MLCCs in temperature-humidity-bias 
conditions and previous work on testing of MLCCs in THB conditions, electrical 
parameters of MLCCs has not been measured in-situ during THB testing. They usually 
measured electrical parameters periodically during testing at room temperature or only 
before and after completion of the THB testing. In this situation, intermittent failures that 
occur during testing are not captured and the failed MLCCs, which are recovered at room 
temperature-humidity conditions, are not captured as failures too. In-situ measurement of 
different electrical parameters (capacitance, dissipation factor, and insulation resistance) 
of MLCCs during THB testing was implemented in the present study. This helps to 
capture intermittent failures of MLCCs during testing and finding effects of temperature-
humidity-bias on each electrical parameter separately. It was shown that an MLCC 
exhibited out of specification value for one of the electrical parameters, while other 





In this study the effect of different parameters on the flex cracking susceptibility of 
multilayer ceramic capacitors assembled on PCBs was characterized and explained. The 
flex cracking susceptibility of MLCCs assembled with lead-free solder (Sn3.0Ag0.5Cu) 
was identified and compared with those assembled with eutectic tin-lead solder (Sn37Pb) 
by considering MLCCs with two different sizes (1812 and 0805), two commonly used 
dielectric types (C0G and X7R), and different manufacturers. Flex cracking of MLCCs 
assembled with convective reflow soldering was compared with MLCCs assembled with 
wave soldering. In addition, flex cracking of the new technology of flexible-termination 
MLCCs assembled with tin-lead and lead-free solders was characterized and compared 
with standard-termination MLCCs. 
Experimental results showed that MLCCs assembled with lead-free solder are less 
susceptible to flex cracking compared to MLCCs assembled with eutectic tin-lead solder. 
The present work is the first study to explain why MLCCs assembled with lead-free 
solder are less susceptible to flex cracking compared to MLCCs assembled with eutectic 
tin-lead solder. In order to find out the reasons for this difference, three factors including, 
solder fillet geometry, compressive residual stress inside the capacitor after reflow cool-
down process, and solder material mechanical properties were considered. 
The solder fillet geometrical parameters for MLCCs assembled with tin-lead and 
lead-free solders were measured and compared. The differences in solder fillet 
geometrical parameters for tin-lead and lead-free solders were not statistically significant. 
Therefore, solder fillet geometry is not a main contributor in the difference between flex 
cracking susceptibility of MLCCs assembled with lead-free and tin-lead solders. 
 
 146
Cooling of a capacitor after solder reflow assembly places the capacitor under 
compressive stress.  Because for a higher-melting solder, cooling of assembled capacitors 
places capacitors under greater compressive stress, a capacitor assembled with a higher-
melting solder should require more bending stress to crack. Since the solidus temperature 
for Sn3.0Ag0.5Cu lead-free solder (about 217°C) is higher than that for eutectic tin-lead 
solder (183°C), lead-free solder places more residual compressive stresses on a capacitor 
after assembly than tin-lead solder. Therefore, capacitors assembled with lead-free solder 
should require more applied bending stress to crack than those assembled with tin-lead 
solder. 
The present work is the first study, which investigated the effects of isothermal aging 
on flex cracking susceptibility of MLCCs. Experiments were performed to compare the 
flex cracking susceptibility of standard- and flexible-termination MLCCs assembled with 
lead-free solder (Sn3.0Ag0.5Cu) and eutectic tin-lead solder (Sn37Pb), tested without 
aging or after aging at 100°C or 150°C for 200 hours. MLCCs were aged at high 
temperature and then tested in a four point bend configuration. Isothermal aging had 
much less effect on flex cracking susceptibility of MLCCs assembled with tin-lead solder 
in comparison with those assembled with lead-free solder. Aging of MLCCs at elevated 
temperature causes the solder alloy to creep and reduces the amount of residual 
compressive stress in MLCCs, especially in the case of lead-free solder when aging is 
performed at higher temperatures (e.g., 150°C). As a result of the reduction of 
compressive stresses, a higher cumulative percent failure was obtained during flex testing 




Finite element analysis (FEA) was conducted of ceramic capacitors under PCB 
flexure in a four-point bend configuration. Comparison of the FEA results of MLCCs 
assembled with lead-free and tin-lead solder showed that the maximum stress inside the 
capacitor for an MLCC assembled with tin-lead solder is higher than lead-free solder. 
Flex cracking is the result of tensile stresses inside the capacitor body exceeding the 
fracture strength of the ceramic. However, there are residual compressive stresses inside 
the capacitor body after the solder assembly cool down process, which mitigate the 
tensile stresses generated by PCB bending. These residual compressive stresses are 
higher for MLCCs assembled with lead-free solder than for MLCCs assembled with tin-
lead solder. Therefore, greater PCB deflection is required for MLCCs assembled with 
lead-free solder for the tensile stresses to reach the ceramic fracture strength, in order to 
overcome the higher residual compressive stress.  
Standard-termination MLCCs assembled with convective reflow soldering and wave 
soldering showed similar results in flex testing. The analysis of flex test results showed 
that the 95% confidence intervals for MLCCs assembled with reflow and wave soldering 
overlap. 
MLCCs with flexible terminations exhibited much more resistance to flex cracking in 
comparison to standard-termination MLCCs assembled with both lead-free and tin-lead 
solders due to existence of a soft polymer buffer layer in the end-terminations. Flexible-
termination MLCCs assembled with lead-free solder did not show any failures up to the 
level of strain used for testing standard-termination MLCCs. 
Flex cracks in failed flexible-termination MLCCs were found to be at the interface 
between solder joint and end-termination or in the polymer layer of the end-termination, 
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causing them to fail in open mode in field applications. In contrast, in failed standard-
termination MLCCs flex cracks were inside the capacitor body, allowing them to fail in 
short mode in field applications. For standard-termination MLCCs with open mode 
design, flex cracks, which start from an end termination at a cute angle only cross 
electrodes originating from the same termination and don’t cause shorting between 
opposing electrodes. 
The flexible-termination MLCCs produced by some manufacturers (e.g., Syfer) are 
made of precious metal electrodes (silver-palladium) and contain silver-filled epoxy in 
their end terminations. This construction presents a potential risk of silver migration 
under bias and high humidity conditions. There is no published data available of 
temperature-humidity-bias testing for the new technology flexible-termination MLCCs. 
Users of this new technology have the concern that long term exposure to moisture cause 
failure or electrical degradation in flexible-termination MLCCs. Accelerated 
environmental stress tests were conducted to compare electrical degradation of flexible-
termination MLCCs due to environmental stresses and bias with standard-termination 
MLCCs. 
Sensitivity of flexible-termination MLCCs to temperature, humidity, and bias were 
compared and explained in comparison with standard-termination MLCCs tested in two 
environmental stress conditions: temperature-humidity (85°C/85% RH) and dry 
temperature (85°C). The effects of different DC voltages (low voltage, rated voltage, and 
no voltage), electrode materials (BME vs. PME), and preconditioning (normal 
temperature cycling vs. rapid temperature cycling) were determined for flexible- and 
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standard-termination MLCCs. Failures of MLCCs in temperature-humidity-bias testing 
were explained and related to their structure, materials and environmental conditions.  
All failures during testing in temperature-humidity conditions (85°C/85% RH) under 
different voltage biases were in MLCCs with precious metal electrodes (Ag-Pd), with no 
failures in MLCCs with base metal electrodes (Ni). It was hypothesized that silver 
migration to be the failure mechanism of MLCCs in THB testing, since none of the base 
metal electrode MLCCs exhibited failure. In addition, accelerated testing of similar 
MLCCs at dry heat condition (85°C) for the same duration that were tested in 
temperature-humidity (85°C/85% RH) conditions exhibited no failure in all electrical 
parameters. It is concluded that the presence of the moisture is necessary in order to have 
failure in precious metal electrode MLCCs. 
By using energy dispersive X-ray spectroscopy (EDX) combined with E-SEM, 
compositional and structural analysis of tested MLCCs was conducted. The EDX 
mapping of the end-termination for flexible-termination MLCCs manufactured by AVX 
exhibited that the conductive polymer used in the end-termination is a silver-loaded 
polymer. The conductive polymer coats a copper termination, and is then plated with 
nickel and tin. Therefore, the copper layer acts as a barrier layer between silver-loaded 
epoxy and the capacitor body and prevents electrochemical migration of silver into the 
capacitor body. In addition, internal electrodes in flexible-termination MLCCs 
manufactured by AVX are made of nickel. Therefore, for flexible-termination MLCCs 
from AVX the chance of reduction in insulation resistance and potentially shorting of 




EDX mapping showed that the internal electrodes of the flexible-termination MLCCs 
from Syfer are made of silver-palladium. Flexible-termination MLCCs from Syfer 
contain silver loaded epoxy in end terminations plated with nickel and tin. In contrast to 
the end-termination structure of the flexible-termination MLCCs from AVX, no copper 
layer exist between the epoxy layer and the capacitor body in the end-termination of the 
flexible-termination MLCCs from Syfer and the silver-loaded epoxy is directly attached 
to the capacitor body. The construction of the flexible-termination MLCCs from Syfer 
presents a potential risk of silver migration under bias and humidity, due to presence of 
silver in the internal electrodes and end-terminations. In the experiments in temperature-
humidity-bias conditions, flexible-termination MLCCs with precious metal electrodes 
biased at 50 V showed the highest failure ratio among all tested MLCCs. Only flexible-
termination MLCCs with precious metal electrodes, showed failure at room temperature 
after THB testing and they did not recover even after baking them at high temperature 
(85°C) for one day. This confirms that a permanent leakage path inside the capacitor 
must exist and it is consistent with the hypothesis of silver migration as the failure 
mechanism of PME MLCCs. 
In manufacturers’ qualification testing of MLCCs in temperature-humidity-bias 
conditions, electrical parameters of MLCCs has not been measured in-situ during THB 
testing. They usually measured electrical parameters periodically during testing at room 
temperature or only before and after completion of the THB testing. In this situation, 
intermittent failures that occur during testing are not captured and the failed MLCCs, 
which are recovered at room temperature-humidity conditions, are not captured as 
failures too. In-situ measurement of different electrical parameters (capacitance, 
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dissipation factor, and insulation resistance) of MLCCs during THB testing was 
implemented in the present study. This helps to capture intermittent failures of MLCCs 
during testing and finding effects of temperature-humidity-bias on each electrical 
parameter separately. It was shown that an MLCC exhibited out of specification value for 
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